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ABSTRACT

Effects of obesity on knee extensor structure, function, and gait: a systematic review and
meta-analysis
by
Michael N. Vakula, Doctor of Philosophy
Utah State University, 2022
Major Professor: Eadric Bressel, Ph.D.
Department: Kinesiology and Health Science
Defined as an abnormal or excessive fat accumulation that can impair health,
obesity is a common, costly, and critical disease that increases the risk of co-morbidities,
disability, and premature death. Most commonly, obesity is caused through a positive
energy balance, brought on through increased consumption of energy dense foods and
decreased time spent physically active. The greater weight with obesity interrupts normal
musculoskeletal function which can lead to physical maladaptation’s such as increased
incidence of lower-extremity muscle dysfunction and abnormal gait patterns, both of
which are among top risk factors for falls in older individuals. However, the effects of
obesity on gait and lower-extremity muscle function have not been formally quantified by
integrating the results of all studies in a systematic review and meta-analysis. Therefore,
the purpose of this dissertation was to (1) determine the effect of obesity on
spatiotemporal measures of gait in adults, and to (2) determine the effect of obesity on
knee extensor structure and function in children, adolescents, adults and older adults. In
the first study, there were 47 studies included in the systematic review and 44 in the
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meta-analyses. Study two included 35 studies in the systematic review and 29 in the
meta-analyses. The results suggested that (1) obesity decreases self-selected walking
speed (dpooled = -1.03, P = <0.001) and step length (dpooled = -0.95, P = <0.001), but
increases step width (dpooled = 1.04, P = <0.001) and the double support period (dpooled =
1.86, P = 0.003), and (2) obesity increases absolute maximal measures of knee extensor
function (dpooled = 1.33, P = <0.001) and muscle size (dpooled = 2.69, P = <0.030), but
decreases relative maximal measures of knee extensor function (dpooled = -0.48, P =
<0.042) and muscle quality (dpooled = -2.50, P = 0.001). However, some of these effects
appears to diminish with aging. The results of this dissertation will improve our
understanding of how obesity influences gait and knee extensor function, which will
allow for the design of better treatments for those suffering from obesity as well as serve
as a basis of knowledge to guide researchers going forward.

(142 pages)
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PUBLIC ABSTRACT

Effects of obesity on knee extensor structure, function, and gait: a systematic review and
meta-analysis
`
Michael N. Vakula
Obesity is a common, costly, and critical disease that increases the risk of
disability and premature death. Most commonly, obesity is caused by an increased
consumption of energy dense foods and decreased time spent being physically active.
The greater weight with obesity interrupts normal musculoskeletal function which can
lead to physical adaptations such as decreased lower-extremity muscle strength and
abnormal walking patterns, both of which are among top risk factors for falls in older
individuals. However, the effects of obesity on walking and lower-extremity muscle
strength have not previously been examined by incorporating the results of all existing
studies in a comprehensive systematic review and meta-analysis. Therefore, the purpose
of this dissertation was to (1) determine the effect of obesity on measures of walking in
adults, and to (2) determine the effect of obesity on knee extensor strength, muscle size,
and muscle quality in children, adolescents, adults and older adults. In the first study,
there were 47 studies included in the systematic review and 44 in the meta-analyses.
Study two included 35 studies in the systematic review and 29 in the meta-analyses. The
results suggest that (1) obesity reduces self-selected walking speed and step length, but
increases step width and the amount of time spent with both feet in contact with the
ground, and (2) obesity increases absolute maximal measures of knee extensor strength
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and muscle size, but decreases relative maximal measures of knee extensor strength and
muscle quality. However, the effect of obesity on knee extensor size, quality, and
strength appears to diminish with age. The results of this dissertation will improve our
understanding of how obesity influences walking and knee extensor function, which will
allow the design of better treatments for those suffering from obesity as well as a basis of
knowledge to guide researchers going forward.

vii

ACKNOWLEDGMENTS

First off, I want to thank my advisor Dr. Eadric Bressel for offering me the
opportunity to attend Utah State University, it has been an opportunity of a lifetime! Your
calming mentorship, work/life balance, and appreciation for movement is something I
will embrace mentoring students in the future.
I would like to thank my committee for the continuous help and support on this
project, it would not be possible without you all.
I would like to thank Dr. Youngwook Kim for being the best lab mate a person
could ask for. We have been through a lot together over the past five years and there is no
one else I would have rather had along for the journey.
Finally, I would like to thank my family. Mom and dad, without your love and
support none of this would have been possible. Tuck and Jocelyn, thanks for always
having my back on the good days and the bad. Much love to all!
Michael N. Vakula

viii

CONTENTS
Page
ABSTRACT ............................................................................................................ iii
PUBLIC ABSTRACT .............................................................................................. v
ACKNOWLEDGMENTS ...................................................................................... vii
LIST OF TABLES ................................................................................................... x
LIST OF FIGURES ..................................................................................................xi
CHAPTER I ............................................................................................................. 1
INTRODUCTION .................................................................................................... 1
Background ....................................................................................................... 1
Objectives .......................................................................................................... 5
CHAPTER II ............................................................................................................ 7
SPATIOTEMPORAL GAIT CHARACTERISTICS IN ADULTS WITH
OBESITY: A SYSTEMATIC REVIEW AND META-ANALYSIS ...................... 7
Abstract ............................................................................................................. 7
Introduction ....................................................................................................... 9
Methods ........................................................................................................... 12
Results ............................................................................................................. 17
Discussion ....................................................................................................... 36
CHAPTER III ......................................................................................................... 41
KNEE EXTENSOR STRUCTURE & FUNCTION IN CHILDREN,
ADOLECENTS, ADULTS, AND OLDER ADULTS WITH OBESITY: A
SYSTEMATIC REVIEW AND META-ANALYSIS ........................................... 41
Abstract ........................................................................................................... 41

ix

Introduction ..................................................................................................... 43
Methods ........................................................................................................... 48
Results ............................................................................................................. 55
Discussion ....................................................................................................... 69
CHAPTER IV ........................................................................................................ 76
GENERAL DISCUSSION AND CONCLUSIONS .............................................. 76
REFERENCES ....................................................................................................... 79
APPENDICES ........................................................................................................ 96
Appendix A ..................................................................................................... 97
Appendix B ................................................................................................... 100
Appendix C ................................................................................................... 109
Appendix D ................................................................................................... 117
CURRICULUM VITAE ...................................................................................... 119

x
LIST OF TABLES

Page
Table 2-1 Risk of Bias. ........................................................................................... 20
Table 2-2-A Characteristics of participants and type of study. .............................. 22
Table 2-2-B Characteristics of participants and type of study continued. ............. 23
Table 3-1 Risk of Bias. ........................................................................................... 58
Table 3-2-A Participant characteristics and study details. ..................................... 60
Table 3-2-B Participant characteristics and study details continued...................... 61

xi

LIST OF FIGURES

Page
Figure 2-1 Search flow diagram of article inclusion process. OB obese, NW
normal weight, BMI body mass index. .................................................................. 18
Figure 2-2 Forest plot of self-selected walking speed............................................ 26
Figure 2-3 Forest plot of step length at self-selected walking speed. .................... 28
Figure 2-4 Forest plot of step width at self-selected walking speed. ..................... 29
Figure 2-5 Forest plot of cadence at self-selected walking speed. ......................... 30
Figure 2-6 Forest plot of stance period at self-selected walking speed. ................ 31
Figure 2-7 Forest plot of double support period at self-selected walking speed.... 32
Figure 2-8 Forest plot of step length at standardized walking speed. .................... 33
Figure 2-9 Forest plot of step width at standardized walking speed. ..................... 34
Figure 2-10 Forest plot of cadence at standardized walking speed........................ 34
Figure 2-11 Forest plot of stance period at standardized walking speed. .............. 35
Figure 2-12 Forest plot of double support period at standardized walking speed. 36
Figure 3-1 Search flow diagram of article inclusion process. OB obese, NW
normal weight, BMI body mass index. .................................................................. 56
Figure 3-2 Forest plot of absolute measures of maximal knee extensor contractile
function................................................................................................................... 63
Figure 3-3 Forest plot of absolute measures of rapid knee extensor contractile
function................................................................................................................... 64
Figure 3-4 Forest plot of measures of knee extensor size. ..................................... 65
Figure 3-5 Forest plot of relative measures of maximal knee extensor contractile
function................................................................................................................... 66
Figure 3-6 Forest plot of relative measures of maximal knee extensor contractile

ii

function................................................................................................................... 67
Figure 3-7 Forest plot of relative measures of knee extensor fatigue. ................... 68
Figure 3-8 Forest plot of measures of knee extensor muscle quality. .................... 69

CHAPTER I
INTRODUCTION
Background

Defined as an abnormal or excessive fat accumulation that can impair health,
obesity is a largely preventable disease that can increase the risk of disability, noncommunicable diseases, and premature death (CDC, 2021a; WHO, 2021). Generally,
adults are classified as obese if they have a body mass index (BMI) (kg/m2) of 30 or
greater. Globally, 650 million individuals were classified as obese in 2016, and in the
United States, the prevalence of adult obesity was over 40% in a 2018 estimate (Hales,
2020). As the prevalence of obesity continues to rise, so do medical costs. The annual
medical cost of obesity in 2016 was estimated at $126 billion in the United States, with
individuals with obesity spending an additional $1028 to $2718 per person per year
compared to individuals with normal weight (van den Broek-Altenburg et al., 2022).
Typically, obesity is caused by consuming more calories than are utilized,
creating a positive energy imbalance commonly caused by decreased physical activity
and increased consumption of energy dense foods. This unbalanced energy surplus is
stored as body fat (i.e., adipose tissue) and as it increases, so does the risk of
comorbidities such as diabetes, cancer, cardiovascular disease, and musculoskeletal
disorders (WHO, 2021). Moreover, obesity inhibits normal musculoskeletal function,
which commonly results in altered lower-extremity muscle structure and function,
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aberrant gait biomechanics, decreased mobility, and instability compared to those without
obesity (Bergland et al., 2000; Fabris et al., 2006; Vakula et al., 2019; Zecevic et al.,
2006).
The structure (i.e., size and quality) and contractile function (i.e., force, velocity,
and power characteristics) of skeletal muscle are altered in individuals with obesity. The
majority of the literature suggests absolute strength (i.e., the maximum force or torque a
muscle can generate) and power (i.e., the ability of a muscle to generate torque or force
quickly) of anti-gravitational muscles such as the knee extensors are greater in
individuals with obesity compared to those without (Garcia-Vicencio et al., 2016; Hulens
et al., 2001; Maffiuletti et al., 2007). Conversely, when these measures are normalized to
body mass or fat-free mass, the strength and power of lower-extremity muscles are
reduced by up to 40% in individuals with obesity in comparison to individuals without
obesity, indicating that obesity may impair the contractile capabilities of muscle tissue
(Abdelmoula et al., 2012; Blimkie et al., 1990; Choi et al., 2016; Hulens et al., 2001;
Lafortuna et al., 2005; Maffiuletti et al., 2007; Tsiros et al., 2013; Vakula et al., 2019).
Relative measures of contractile function are of particular importance to the functioning
of individuals with obesity, considering that the muscular forces needed to produce and
control movement during activities of daily living (e.g., walking) increase with body
mass. While the exact mechanisms behind the impaired contractile function experienced
by individuals with obesity are unknown, altered skeletal muscle structure likely plays a
role.
In individuals with obesity, the size of anti-gravitational muscles is greatly
increased (Choi et al., 2016; Hulens et al., 2001; Tsiros et al., 2013; Vakula et al., 2019).
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For instance, the anatomical cross-sectional area of the knee extensors and plantar flexors
are up to 50% larger in individuals with obesity compared to those without (GarciaVicencio et al., 2016; Vakula et al., 2019). However, despite having larger muscles, the
skeletal muscle quality (i.e., echo intensity grey scale, strength per unit of size, muscle
tissue fat content) appears to be reduced in individuals with obesity (Arieta et al., 2022;
Giuliani et al., 2020; Herda et al., 2018; Rastelli et al., 2015; Vakula et al., 2019). For
example, the intermuscular fat volume of the knee extensors is three times greater in
individuals with obesity than controls (Choi et al., 2016). This is important, considering
greater lipid accumulation is associated with lower force production in skeletal muscle
fibers (Choi et al., 2016). This decrease in contractile function is due in part to the
increased concentration of intramuscular fat in individuals with obesity (Goodpaster et
al., 2000; Malenfant et al., 2001). Increased levels of intramuscular fat have been shown
to increase the stiffness of the base material properties of the muscle, which has a
negative effect on force production (Rahemi et al., 2015). Furthermore, lower knee
extensor muscle quality measured indirectly via ultrasound echo intensity is associated
with a lower internal knee extension moment (i.e. quadriceps avoidance) while walking at
a self-selected speed in individuals with obesity (Vakula et al., 2019). The findings above
indicate that skeletal muscle structure is altered with obesity and is also associated with
the aberrant gait mechanics familiar to individuals with obesity.
In response to a high body mass and altered muscle structure and function,
individuals with obesity may alter their gait patterns. For example, a slower self-selected
gait speed, increased single and double limb support time, and shorter but wider steps are
commonly reported in individuals with obesity compared to those without (Freedman
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Silvernail et al., 2013; Jegede et al., 2017; Lai et al., 2008; Vakula et al., 2019; Vismara
et al., 2006). Together, these gait pattern adaptations are thought of as a strategy to
improve postural stability and reduce ground reaction forces that may overload weightbearing joints (i.e., knee joint) (Vakula et al., 2019, 2022). For example, the slow and
steady gait pattern employed by individuals with obesity produces a comparable level of
instantaneous stability to normal-weight individuals at self-selected walking speed (Liu &
Yang, 2017). Moreover, net knee muscle moments can be reduced by approximately 40%
when individuals reduce their walking speed from 1.4 m/s to 1.0 m/s (Browning & Kram,
2007). Yet, a lesser self-selected walking speed reduces an individual’s mobility and may
be an indication of a mobility disability (Abellan Van Kan et al., 2009).
Although weight loss is the optimal solution to combat the effects of obesity,
long term weight loss interventions are unsuccessful (Barte et al., 2010). The real world
complexity of why people gain weight and keep it on, make weight loss a difficult target.
Thus, there is a need to better understand the difficulties of obesity and interventions
other than weight loss that combat the effects of obesity. Currently, studies reporting the
effects of obesity on gait and lower-extremity muscle structure and function are limited,
and their results lack consistency. For example, some authors reported that self-selected
walking speed was reduced (Freedman Silvernail et al., 2013; Vakula et al., 2019) and
knee extensor peak torque was increased with obesity (Choi et al., 2016; Hulens et al.,
2001), while others have reported no effect of obesity on either measure (Milner et al.,
2018; Rolland et al., 2007; Vakula et al., 2019). Efforts have been made to review the
effects of obesity on gait and muscle structure and function (Bollinger, 2017; Del Porto et
al., 2012; Hills et al., 2002; Maffiuletti et al., 2013; Wearing et al., 2006), yet, to the best
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of our knowledge, no study has attempted to quantify the effect of obesity using a
systematic review and meta-analysis. Therefore, a current and reliable understanding of
the effects of obesity on gait and lower-extremity muscle structure and function is not
well understood.
Objectives

The primary purpose of this dissertation was to review the existing evidence and
analyze the pooled effects of obesity on spatiotemporal gait measures and knee extensor
structure and function. To address these aims, a series of related studies was conducted
and presented as individual chapters that are described below:
Chapter 2: Spatiotemporal gait characteristics in adults with obesity: A systematic review
and meta-analysis
Objective: To compare spatiotemporal gait characteristics between adults with and
without obesity.
Chapter 3: Knee extensor structure & function in children, adolescents, adults, and older
adults with obesity: A systematic review and meta-analysis
Objective: To quantify the effect of obesity on knee extensor structure and function in
children, adolescents, adults, and older adults in comparison to normal-weight
counterparts.

Structure of Dissertation
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This dissertation is composed of two systematic reviews with meta-analyses.
Chapter 2 consists of a systematic review with meta-analysis examining the effects of
obesity on spatiotemporal measures of gait in adults. Chapter 3 consists of a systematic
review with meta-analysis intended to assess the effects of obesity on knee extensor
structure and function in children, adolescents, adult, and older adults. Chapter 4 presents
a summary of the findings from the two systematic reviews with meta-analysis, their
practical applications, and future directions for research are provided.

CHAPTER II
SPATIOTEMPORAL GAIT CHARACTERISTICS IN ADULTS WITH
OBESITY: A SYSTEMATIC REVIEW AND META-ANALYSIS

Abstract

Purpose: To systematically review and analyze the effect of obesity on spatiotemporal
gait characteristics in adults.
Methods: Experimental studies published in the English language examining
spatiotemporal measures of gait in adults aged 18 – 55 years with obesity or normal
weight were considered. A search for prospective studies were performed in four
electronic databases (PubMed, CINAL, Scopus, Cochrane Library), last searched on
February 2nd, 2022. Risk of bias among the included studies was assessed using a
modified epidemiological appraisal instrument consisting of 30 questions across five
domains: study description, subject selection, measurement quality, data analysis,
generalization of results. Data were extracted and meta-analyzed using a random effects
model for primary outcomes (self-selected walking speed, step length, step width,
cadence, stance period, and double support period).
Results:
Included Studies: The database search resulted in 4536 unique entries, 47 were
included in the systematic review, and 44 in the meta-analyses.
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Synthesis of Results: Obesity reduces self-selected walking speed (dpooled= 1.03, P = <0.001) and step length at self-selected walking speed (dpooled = -0.95, P =
<0.001), but increases step width at self-selected walking speed (dpooled = 1.04, P =
<0.001) and double support period at self-selected (dpooled = 1.86, P = 0.003) and
standardized gait speeds (dpooled = 4.91, P = 0.044).
Discussion: This systematic review and meta-analysis provides support that obesity
decreases self-selected walking speed and step length at self-selected walking speed, but
increases step width at self-selected walking speed and the double-support period at selfselected and standardized walking speeds. The slower and more stable gait pattern
adopted by individuals is likely a strategy to limit metabolic cots, reduce joint loading,
and improve dynamic stability while walking, which comes at the cost of mobility.
Interventions geared at the treatment and management of obesity should consider and
attend to such alterations for best practice. Finally, there are a limited number of studies
reporting on spatial-temporal gait characteristics in individuals with obesity. More
research is needed to better understand the effects of obesity on gait.
Registration: This systematic review and meta-analysis was prospectively registered in
the Open Science Framework Registries (DOI: 10.17605/OSF.IO/EA4NW).
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Introduction

Obesity is a common, costly, and critical disease that increases the risk for other
noninfectious health conditions, disability, and premature death. Generally, obesity is
defined as an abnormal or excessive fat accumulation that can impair health (WHO,
2021). Obesity is also defined as a body mass index (kg/m2) of 30 or greater (CDC,
2021a; WHO, 2021). Worldwide, 650 million people were considered obese as of 2016, a
number that has seen an approximate increase of 300% since 1975 (WHO, 2021). In the
United States, the prevalence of adult obesity increased approximately 12% from 2000 to
2018, and as of 2018 the prevalence of obesity was 42.4% (Hales, 2020). In 2008 the
annual medical cost of obesity was estimated at $147 billion, and individuals with obesity
spent 42% more or an additional $1,429 per capita on medical expenses compared to
individuals with normal weight in the United States (Finkelstein et al., 2009).
The root cause of obesity is a positive energy imbalance created by consuming
more calories than are being expended. Globally, this shift in the energy balance is likely
due to an increase in energy-dense foods and a decreased amount of time spent being
physically active. Importantly, the risk for noncommunicable diseases increases with
body mass index, and obesity is a considerable risk factor for comorbidities such as
cardiovascular disease, diabetes, cancer, and musculoskeletal disorders (WHO, 2021).
Obesity is best managed non-surgically or pharmacologically through the combination of
diet and exercise (Chin et al., 2016). Walking is one of the most commonly prescribed
modes of exercise for individuals with obesity. However, the greater weight from obesity
interferes with normal musculoskeletal function causing physical adaptations such as
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increased incidence of lower-extremity muscle dysfunction, impaired balance, and
abnormal walking or gait patterns (i.e., biomechanics) (Bergland et al., 2000; Fabris et
al., 2006; Vakula et al., 2019; Zecevic et al., 2006), all of which are among top risk
factors for falls in older individuals.
Gait adaptations common to obesity include a reduced self-selected walking
speed, increased single and double limb support time, a shorter step length, and increased
step width (Freedman Silvernail et al., 2013; Jegede et al., 2017; Lai et al., 2008; Vakula
et al., 2019; Vismara et al., 2006). These gait adaptations are considered a strategy used
by individuals with obesity to improve postural stability in response to an underlying
imbalance; and a strategy to minimize the effect of ground reaction forces that may
overload weight-bearing joints and contribute to osteoarthritis. For example, it has been
proposed that if individuals with obesity reduce their walking speed from 1.4 m/s to 1.0
m/s, net knee muscle moments would be reduced by approximately 40% (Browning &
Kram, 2007). Likewise, the slower and stable gait pattern implemented by individuals
with obesity results in a similar level of instantaneous stability (i.e., the shortest distance
from an instantaneous center of mass (COM) state to all interpolated points on the
stability boundary in the COM position-velocity space) in comparison to normal-weight
individuals walking at self-selected pace (Liu & Yang, 2017).
The current data regarding the effects of obesity on gait biomechanics is limited,
and the reported outcome measures in the studies lack consistency, making it difficult to
analyze the pooled effects of obesity. Of the studies reporting on the effects of obesity on
walking biomechanics, spatiotemporal gait measures are the most commonly reported.
However, the current literature regarding the effects of obesity on spatiotemporal gait
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measures lacks clarity. For example, some authors report that self-selected walking speed
is reduced in individuals with obesity (Freedman Silvernail et al., 2013; Vakula et al.,
2019), whereas others report no difference in self-selected walking speed between
individuals with or without obesity (Błaszczyk et al., 2011; Milner et al., 2018). Recently,
efforts have been made to review the effects of obesity on gait (Del Porto et al., 2012;
Hills et al., 2002; Wearing et al., 2006). However, no study to our knowledge has
attempted to quantify the effect of obesity on gait biomechanics by integrating the results
of all studies that include spatiotemporal gait measures in a systematic review and metaanalysis. Policymakers, healthcare professionals, and scientists worldwide serve to
benefit from current and reliable data for developing interventions designed to offset the
burden of obesity. Thus, an improved understanding of the pooled effects of obesity on
spatiotemporal measures of gait is needed to better understand the effect of obesity on
these parameters and serve as a guide for researchers to improve gait and obesity related
research in the future.
The objective of this systematic review and meta-analysis was to evaluate the
effect of obesity on commonly reported measures of gait such as self-selected walking
speed, step length, step width, cadence, and stance and double support period.
Specifically, our aim was to review experimental studies that assessed the
aforementioned spatiotemporal measures of gait at self-selected and standardized walking
speeds in adults 18-55 years old with and without obesity. The findings of this study will
improve the identification of gait abnormalities in individuals with obesity and thus
improve the efficacy of disease management.
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Methods

This study was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-analysis statement (Moher et al., 2009). In order to
minimize bias in the decision-making process of our review methods, this systematic
review and meta-analysis was prospectively registered in the Open Science Framework
Registries (DOI: 10.17605/OSF.IO/EA4NW).

Eligibility Criteria
The following criteria were used to assess studies for eligibility to be included in
the review and meta-analyses:
•

Types of studies: Experimental studies (i.e., cross-sectional, randomized control
trials) published in the English language that examine spatiotemporal measures of
gait in individuals with obesity and individuals with normal weight were
considered. No restrictions were placed on publication date. Only baseline data
from randomized control trials were included in the meta-analyses.

•

Types of participants: Adults aged 18-55 years old with either obesity or normal
weight were considered for inclusion. In alignment with the definition set by the
Center for Disease Control and the World Health Organization, individuals with
obesity were defined as those with a BMI greater than 30 and subdivided into
Class I 30 to < 35, Class II 35 to < 40, Class III 40+ categories. Conversely, those
with normal weight were defined by a BMI of 18.5-24.9. Individuals with
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cognitive dysfunction, sensory impairments, or physical disabilities were
excluded from this review as they are known to alter spatiotemporal measures of
gait (Constantinou et al., 2014; Creaby & Cole, 2018).
•

Types of interventions: Studies that compare spatiotemporal measures of gait at
either self-selected or standardized walking speeds.

•

Types of outcome measures: Primary outcome measures include: self-selected
walking speed, and step length, step width, cadence, and stance and double
support period at both self-selected and standardized speeds.

Information Sources
Two researchers (M.V. and Y.K.) working independently of one another
identified studies by searching the following electronic databases: PubMed (MEDLINE),
CINAL (EBSCO), Scopus, and Cochrane Library from the commencement of the study
through February 3rd, 2022. The reference lists of related articles were manually reviewed
to spot any studies that were not identified by the systematic searches.

Search
The following search items were used to search the electronic databases: (walk*
OR gait OR locomot* OR ambulat* OR biomechanic*) AND (speed* OR velocity* OR
cadence OR ‘step length’ OR ‘stride length’ OR stance OR swing OR spatiotemporal OR
spatial OR temporal OR spatial-temporal) AND (overweight OR obes* OR ‘body mass
index OR BMI OR fat).
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Study Selection
Eligibility assessment were performed independently by two reviewers (M.V.
and Y.K.) in a standardized and unblended manner. Disagreements that arose between
reviewers were resolved with a meeting in which the articles in question were discussed
until an agreement between reviewers was reached.

Data Collection Process
Data were extracted independently by two researchers (M.V. and Y.K.). All data
were collected using a custom Microsoft Excel document that has previously been pilottested on 12 related studies and refined accordingly. Authors of the included studies were
not asked for additional data as only published information sources were included in the
analysis.

Data Items
Data were extracted from each of the included studies on (1) participant
characteristics (sample size, age, sex, body mass index); (2) type of intervention (walking
surface, footwear, gait analysis instrumentation, data normalization); (3) type of outcome
measure (self-selected gait speed, and step or stride length, step width, cadence, singlelimb and double limb support period at either self-selected or standardized speed).

Risk of Bias in Individual Studies
The methodological quality of eligible studies were evaluated by a modified
epidemiological appraisal instrument (EAI) created by Genaidy et al.,(Genaidy et al.,
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2007). The original instrument consists of 43 items across five domains: study
description, subject selection, measurement quality, data analysis, generalization of
results. Similar to a previous review and meta-analyses (Lawrenson et al., 2019), the EAI
was modified from 43 down to 30 criteria of the highest importance for the included
studies (Appendix A). Each item was scored as “Yes” (score of 2), “Partial” (score of 1),
“No” (score of 0), “Unable to determine” (score of 0), or “Not applicable” (item
excluded). The appraisal instrument has demonstrated good to excellent validity and
inter-rater reliability (Kappa coefficient = 90% [CI; 87 to 92%]) (Genaidy et al., 2007).
Two independent assessors (M.V. and Y.K.) blinded to the author and details of the
publication assessed each study. A consensus meeting was held to reach an agreement
between assessors on any disagreements. The agreement level between assessors’ scores
was calculated using the Cohen kappa statistic for each question (Viera & Garrett, n.d.).
Overall study quality was based on the average score across each item, with a maximum
possible score of 2.0. Studies were further classified as high quality (≥1.4), moderate
quality (1.1 to <1.4), or poor quality (<1.1)(Genaidy et al., 2007).

Summary Measures
The primary outcome measures were the standardized mean differences in
spatiotemporal gait measures comparing individuals with obesity to those with normal
weight.

Planned Methods of Analysis
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The means and standard deviations for each outcome measure were extracted and
entered into RevMan 5.4 software (Cochrane), from which standardized effect sizes
(Cohen d), the corresponding effect size standard error, and 95% confidence intervals
were calculated. Standardized rather than fixed effect sizes were calculated as they are
unitless and account for differences between studies. When spatiotemporal measures of
gait were reported across a range of conditions (i.e., different gait speeds), a single studywise effect size was calculated using a fixed-effects model in which the condition-wise
effect sizes was weighted by their inverse variances (Constantinou et al., 2014; J. Higgins
et al., 2021). A fixed-effects model was selected as we expected a common effect of
obesity on outcome measures within a study. If data were presented as a figure rather
than in a table, the data was digitized using ImageJ software (National Institutes of
Health, Bethesda, MD).
Overall pooled effect sizes, 95% confidence intervals, and heterogeneity
statistics were calculated using JASP (Version 0.16.3) for each of the spatiotemporal
outcomes using a random-effects model with a restricted maximum likelihood approach
(Harville, 1977). A random-effects model was selected due to the variability in
experimental factors (i.e., self-selected walking speed, BMI group, gait analysis
instrumentation, etc.). Heterogeneity level was categorized as: 0-25%= low, 26-50% =
moderate, 51-100% = high (J. P. T. Higgins et al., 2003). Self-selected and standardized
gait speed outcomes are presented on separate forest plots to aid in visual examination of
the data.

Risk of Bias Across Studies
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The risk of publication bias were assessed visually using funnel plots and
statistically using Egger’s test (Egger et al., 1997).

Additional Analyses
In order to examine if the outcome effects vary in relation to the severity of obesity
(i.e., Class I, II, or III), a subgroup analysis was conducted.

Results

Literature Search
The search of the four databases resulted in 4536 unique entries, 47 of which met
the inclusion criteria. Two additional articles were identified through manual searching of
related references lists. See Figure 2-1 for the details of the full search strategy.
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Figure 2-1

Eligibility

Screening

Identification

Search Flow Diagram of Article Inclusion Process.
Literature search
Databases: PubMed (3762), CINAL (2124), Scopus (471), Cochrane Library
(3)
6360 of records identified through database searching
Limits: English language, academic journals

1824 duplicates
removed

4536 of records screened on
basis of title and abstract

4453 records did not meet
inclusion criteria

83 of full-text articles
assessed for eligibility
•
2 additional
records identified
through reference
lists and related
reviews

•
•
•
•

38 full-text articles did not meet
inclusion criteria:
no spatial-temporal or gait
assessment, n =15
no comparison between OB and
NW group, n = 9
not within age limit criteria, n = 4
not within BMI criteria, n = 9
not in the English Language, n = 1

Included

47 studies included in the
systematic review

44 studies included in the
meta-analysis

Note: OB obese, NW normal weight, BMI body mass index
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Assessment of Methodological Quality
The included studies (Appendix B) had a moderate average quality score of 1.17
± 0.14 out of the possible 2.0 points with a range in scores ranging from poor (0.97) to
high quality (1.60). The item assessing environmental covariates and confounders were
not applicable to any of the included studies. Only five of the 47 included studies
reported reliability data for their outcome measures. Similarly, sample size calculations
were only reported in 10 of the 47 studies included in the review. Agreement between
raters ranged from moderate (0.75) to perfect, with an average Cohen Kappa value across
all studies of 0.91 ± 0.07.

Table 2-1
Risk of Bias

Characteristics of Included Studies
There were 1077 participants with obesity and 922 with normal-weight among
the 47 studies included in the systematic review (Table 2-2). The average age of
participants with obesity ranged from 21.2 – 51.9 years and 20.4 – 50.0 years for
participants with normal-weight in the included studies. Participants consisted solely of
females in ten out of the 47 studies, solely of males in three out of the 47 studies, sex was
unable to be determined in three studies, and the remaining 31 studies were comprised of
both males and females. The average BMI of participants with obesity ranged from 31.0
– 43.5 kg/m2 and 20.4 – 23.8 kg/m2 for participants with normal-weight. Twenty-four of
the 47 studies included participants with class I obesity, 16 studies included participants
with class II obesity, and seven studies included participants with class III obesity.
Walking trials were performed overground in 40 studies, on a treadmill in four studies,
and a mix of walking surfaces in three studies. Participants in ten studies performed
walking trials barefoot, in lab-standardized shoes in nine studies, non-standardized shoes
in seven studies, and in 21 studies footwear was unable to be determined. Gait analysis
instrumentation ranged from simple (e.g., tape measure and stop watch) to advanced
instrumentation (3D motion capture) with the majority of studies utilizing 3D motion
capture to measure their outcomes. Finally, at least one outcome measure was normalized
to body mass or fat free mass in 20 of the 47 included studies in the systematic review.
In order to reduce sampling bias, Vakula et al. 2022 was included in the metaanalysis, whereas, Garcia et al., 2021 and Vakula et al., 2019 were excluded from the
meta-analysis as all three studies reported on similar outcomes. Similarly, Pamukoff
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2016a was included but Pamukoff 2016b was excluded from the meta-analyses for
reporting similar outcomes.

Table 2-2-A
Characteristics of Participants and Type of Study
Age

Sample Size

2

Sex

NW

NW

25.6 2.2

26.2 1.5

OB

Type of Study

Agostini et al. 2017

10

12

Altinkaya et al. 2020

16

16

Arena et al. 2017

20

20

Benedetti et al. 2009

26

15

47.5

Błaszczyk et al. 2011

100

36

36.8 ± 12.0

36.2 ± 10.3 M 0/F 100 M 0/F 36

Brown et al. 2006

10

10

28.9 ± 7.3

28.7 ± 8.2

Browning & Kram
2007

32

19

Browning et al. 2013

19

Cimolin et al. 2011

10

da Silva-Hamu et al.
2013

Data Normalization

Barefoot

Step 32 ®

ST and DS to %GC

UTD

Timing Sensors

NA

NW

Walking Surface

Footwear

31.1 3.3

22.8 1.1

Over-ground

34.45

21.6

Over-ground

22.3 ± 2.3

Over-ground

Shoes (labstandardized)

35.77

21.33

Over-ground

37.1 ± 5.2

21.8 ± 1.7

Over-ground

35.6 ± 4.9

22.1 ± 1.6

Treadmill (DB)

28.5 ± 7.6

22.8 ± 3.6 M 14/F 18 M 9/F 10 33.9 ± 3.6

21.6 ± 2.0

Treadmill (DB)

20

25.5 ± 6.9

23.6 ± 5.0

M 10/F 9 M 10/F 10 33.6 ± 2.7

21.35 ± 2.2

Over-ground

10

33.6 ± 5.2

33.4 ± 9.6

M 0/F 10 M 0/F 10 39.26 ± 2.39 22.8 ± 3.2

Over-ground

24

24

35.20 ± 9.9 36.33 ± 11.14 M 0/F 24 M 0/F 24 31.85 ± 2.94 21.82 ± 1.58

Over-ground

Desrochers et al. 2021

14

20

50.36 ± 10.97 45.55 ± 8.77 M 2/F 12 M 6/F 14 40.95 ± 5.46 23.77 ± 2.53

Over-ground

DeVita & Hortobagyi
2003

21

18

39.5 ± 8.8

20.8 ± 2.4

M 8/F 13 M 7/F 11

42.3 ± 7.7

22.7 ±2.9

Over-ground

Fernández Menéndez
et al. 2019

30

50

35.4 ± 4.1

31.8 ± 4.5

M 4/F 9

38.6 ± 3.5

21.4 ± 2.2

Treadmill (SB)

Fernández Menéndez
et al. 2020

30

19

29.5 ± 1.3

31.2 ± 1.2 M 14/F 16 M 10/F 9 39.6 ± 0.6

21.4 ± 0.5

Treadmill (SB)

Freedman-Silvernail
et al. 2013

13

13

32.7 ± 7.9

29.0 ± 5.8

M 4/F 9

M 5/F 8

33.8 ± 2.5

21.9 ± 1.5

Over-ground

Garcia et al. 2021

11

13

39.9 ± 7.9

29.6 ± 5.7

M 2/F 9

M 5/F 8

43.0 ± 4.2

22.0 ± 1.5

Over-ground

Gill 2019

10

10

23.8 ± 5.6

23.0 ± 4.1

M 5/F 5

M 5/F 5

34.4 ± 3.9

22.4 ± 2.1

Over-ground

UTD

Hergenroeder et al.
2011

48

48

21.9 ± 2.6

22.9 ± 3.57 M 24/F 24 M 24/F 24 33.03 ± 0.59 21.59 ± 0.25

Over-ground

UTD

Hills et al. 2006

36

13

42.03 ± 9.30 38.20 ± 7.04 M 0/F 36 M 0/F 13 41.41 ± 4.63 22.56 ± 1.61

Over-ground

UTD

Jegede et al. 2017

30

10

22.7 ± 0.5

Over-ground

Barefoot

24.8 ± 3.0

Over-ground;
treadmill (DB)

UTD

M 10/F 0 M 12/F 0

22.13 ± 2.42 24.13 ± 2.94 M 8/F 8
23.5 ± 3.2

51.9 ± 2.8

24.5 ± 3.5
45

50.0 ± 1.8

NW

Gait analysis
instrumentation

OB

Study

OB

BMI, kg/m

OB

M 8/F 8

M 11/F 9 M 10/F 10 33.4 ± 3.4
M 10/F 16 M 4/F 11

M 5/F 5

M 5/F 5

M 5/F 8

M 0/F 30 M 0/F 10 38.02 ± 5.0

3-D MoCap;
NA
Instrumented walkway
Inertial measurement
UTD
NA
units
Pressure-sensitive
Shoes
ST and DS to %GC
walkway
Tape measure and stop
Shoes (personal)
ST and DS to %GC
watch
3-D MoCap;
Shoes
ST and DS to %GC
Instrumented treadmill
Tape measure and stop
UTD
NA
watch
3-D MoCap;
ST and DS to %GC; WS
Barefoot
Instrumented walkway
and SL to PH
3-D MoCap;
UTD
NA
Instrumented walkway
Pressure-sensitive
UTD
ST and DS to %GC
walkway
Instrumented walkway;
Shoes
ST to %GC
Timing sensors
UTD

Instrumented treadmill

NA

UTD

Instrumented treadmill

NA

Timing sensors

NA

Shoes (labstandardized)
Shoes (labstandardized)

3-D MoCap;
Instrumented walkway
Pressure-sensitive
walkway
Tape measure and stop
watch
Tape measure and stop
watch
Footprint method

Kim et al. 2021a

30

20

47.8 ± 10.8

Kim et al. 2021b

30

28

32.0 ± 8.26 29.32 ± 6.06 M 7/F 12 M 9/F 10 35.03 ± 4.91 23.55 ± 1.17

Over-ground

Barefoot

Koushyar et al. 2020

26

21

28.51 ± 3.86 27.10 ± 5.44 M 0/F 26 M 0/F 21 39.39 ± 7.78 22.65 ± 2.52

Over-ground

Shoes (labstandardized)

Pressure-sensitive
walkway; 3-D MoCap
Pressure-sensitive
walkway
3-D MoCap;
Instrumented walkway

28.27 ± 4.03 23.21 ± 5.46 M 7/F 12 M 9/F 10 42.62 ± 8.01 22.37 ± 2.49

Over-ground;
Treadmill

Shoes

3-D MoCap

Koyuncu et al. 2020

19

19

36.9 ± 12.4

UTD

UTD

35.5 ± 6.7

NA
ST to %GC
NA
NA
NA
NA
NA
NA
NA

3-D MoCap;
SL to PH; ST and DS to
Instrumented walkway
%GC
Inertial measurement
13
14 23.38 ± 3.12 23.29 ± 3.63 M 13/F 0 M 14/F 0 34.08 ± 3.69 21.83 ± 2.14 Over-ground
UTD
NA
Levine et al. 2008
units
OB obese, NW normal weight, WS walking speed, SL step length, SW step width, ST stance time, DS double support time, PH participant height, %GC percentage of gait cycle, SB single belt, DB dual
belt, NA not avaliable, UTD unable to determine
Lai et al. 2008

10

10

23.1 ± 3.8

21.7 ± 3.3 M 0/F 10 M 0/F 10

33.7 ± 2.9

22.5 ± 1.8

Over-ground

Barefoot
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Table 2-2-B
Characteristics of Participants and Type of Study Continued
Age

Sample Size

BMI, kg/m2

NW

Lim et al. 2020

14

14

Liu & Yang 2017
Maktouf et al.
2020
Malatesta et al.
2009

12

10

37.8 ± 6.0

38.4 ± 9.9

M 5/F 12 M 5/F 5

33.7 ± 2.5

22.4 ± 2.0

16

16

27.3 ± 1.5

26.6 ±1.0

M 10/F 6 M 8/F 8

34.4 ±0.8

23

21

24.9 ± 5.7

23.5 ± 4.0

Meng et al. 2017

10

10

23.8 ± 6.6

Milner et al. 2018

10

10

Mondal et al. 2021
Pamukoff et al.
2016a
Pamukoff et al.
2016b

30

Study

OB

Sex

OB

NW

OB

OB

NW

Type of Study
Gait analysis
instrumentation
Inertial measurement
units

Walking Surface

Footwear

Over-ground

Shoes

Over-ground

UTD

3-D MoCap

WS to PH; DS to %GC

22.7 ±0.5

Over-ground;
treadmill (SB)

UTD

Instrumented treadmill

ST and DS to %GC

M 15/F 8 M 7/F 14 35.1 ± 3.9

21.7 ± 2.4

Over-ground

UTD

3-D MoCap

ST and DS to %GC

24.4 ± 2.3

M 5/F 5

M 5/F 5

35.3 ± 3.1

21.9 ± 1.2

Over-ground

Shoes (personal)

WS and SL to PH; ST
and DS to %GC

26.6 ± 5.8

26.5 ± 4.5

M 5/F 5

M 5/F 5

33.7 ± 3.8

22.2 ± 1.6

Over-ground

Shoes (labstandardized)

Pressure-sensitive
walkway
3-D MoCap; Timing
Sensors

30

32.2 ± 6.0

28.2 ± 3.9 M 15/F 15 M 15/F 15 33.9 ± 3.7

22.8 ± 1.8

Over-ground

Barefoot

Footprint method

NA

15

15

21.2 ± 1.2

20.4 ± 1.4

M 7/F 8

M 7/F 8 33.5 ± 6.42 20.4 ± 1.38

Over-ground

Barefoot

Timing sensors

NA

15

15

21.2 ± 1.2

20.4 ± 1.4

UTD

Over-ground

UTD

Timing sensors

NA

35.36 ± 8.67 27.57 ± 8.62 M 6/F 8

NW

M 6/F 8 33.06 ± 4.29 21.33 ± 1.53

UTD

33.5 ± 6.42 20.4 ± 1.38

3-D MoCap;
Instrumented walkway
Tape measure and stop
watch
Inertial measurement
units
3-D MoCap and timing
gates

Data Normalization
ST and DS to %GC

NA

Pau et al. 2021

26

26

28.7 ± 7.6

28.5 ± 7.8 M 11/F 15 M 11/F 15 40.4 ± 0.8

21.8 ± 2.8

Over-ground

UTD

Retory et al. 2016

15

10

42.0 ± 11.9

35.4 ± 13.8 M 4/F 11 M 2/F 8

43.5 ± 5.2

22.8 ± 1.4

Over-ground

UTD

Rosso et al. 2019
Russel & Hamill
2011

10

12

26 ± 2.2

26 ± 1.5

M 10/F 0 M 12/F 0 31.1 ± 3.3

22.7 ± 1.2

Over-ground

Barefoot

10

10

25.3 ± 9.8

25.1 ± 3.8

M 0/F 10 M 0/F 10 33.09 ± 4.22 22.66 ± 0.86

Over-ground

UTD

Russel et al. 2010

14

14

29.3 ± 10.4

26.1 ± 6.9

M 0/F 14 M 0/F 14 37.2 ± 6.1

Over-ground

Shoes (labstandardized)

Timing sensors

NA

Sarkar et al. 2011
Scarpina et al.
2017

30

30

26.05 ± 0.93 26.95 ± 0.89 M 15/F 15 M 15/F 15 35.38 ± 0.26 21.95 ± 1.10

Over-ground

Barefoot (socks)

Footprint method

NA

18

18

36 ± 8

35 ± 9

M 0/F 18 M 0/F 18 39.67 ± 4.72 20.59 ± 1.81

Over-ground

UTD

3-D MoCap

SL to PH

Segal et al. 2009
Sheehan &
Gormley 2013

40

19

49.2 ± 5.1

48.7 ± 3.8

M 33/F 7 M 17/F 2 35.6 ± 4.7

Over-ground

UTD

3-D MoCap

NA

22.4 ± 1.2

22.8 ± 1.8

ST and DS to %GC
NA
ST to %GC
NA

3-D MoCap;
ST to %GC
Instrumented walkway
Shoes (lab3-D MoCap;
48
48
22.8 ± 3.5
22.0 ± 2.6 M 24/F 24 M 24/F 24 33.1 ± 4.1 21.6 ± 1.71
Over-ground
SL and SW to PH
Vakula et al. 2019
standardized)
Instrumented walkway
Shoes (lab3-D MoCap;
48
47 21.90 ± 3.16 22.90 ± 3.13 M 24/F 24 M 24/F 24 33.03 ± 3.20 21.60 ± 3.16 Over-ground
SL and SW to PH
Vakula et al. 2022
standardized)
Instrumented walkway
Shoes (lab3-D MoCap;
10
14
25.7 ± 5.8
21.6 ± 0.5
UTD
UTD
32.8 ± 2.7 22.5 ± 1.9
Over-ground
NA
Yocum et al. 2018
standardized)
Instrumented walkway
OB obese, NW normal weight, WS walking speed, SL step length, SW step width, ST stance time, DS double support time, PH participant height, %GC percentage of gait cycle, SB single belt, DB dual
belt, NA not avaliable, UTD unable to determine
25

25

39.2 ± 16.5

39.8 ± 16.8 M 15/F 10 M 15/F 10 31.0 ± 4.1

23.4 ± 2.3

Over-ground

Barefoot

Additional Analysis
Self-selected walking speed was calculated from the distance covered in 6-minutes in
one study (Retory et al., 2016). Cadence was calculated from step time in the one study
as steps per minute (Scarpina et al., 2017). Self-selected walking speed (Arena et al.,
2017; Hills et al., 2006), stance and double support period (Blaszczyk et al., 2011), and
step width (Browning & Kram, 2007) were digitized from graphs in four studies.
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The following subgroups were combined into a single group for analysis using
the Cochrane formula (J. Higgins et al., 2021):
•

Normal arch and low arch groups (D. Kim et al., 2021).

•

Class II and Class III obesity groups (Gill, 2019).

•

Class I, II, III obesity groups (Blaszczyk et al., 2011; Hergenroeder et al., 2011).

•

Male and female groups (Arena et al., 2017; Browning et al., 2006; Garcia et al.,
2021).

•

Centrally obese and lower-body obese (i.e., distribution of adipose tissue) groups
(Segal et al., 2009).

A single study-wise effect size was calculated using a fixed-effects model in the
following studies to combine:
•

Left and right outcome measures (da Silva-Hamu et al., 2013; Meng et al., 2017).

•

Standardized walking speeds (Browning & Kram, 2007; Fernández Menéndez et
al., 2019, 2020).

•

Walking trials 1 and 2 (Hills et al., 2006).

Self-selected Spatiotemporal Gait Measures
Obesity significantly decreased self-selected walking speed with a pooled effect
size of -1.03 (95% CI: -1.26, -0.80; P = <0.001; I2 = 74%) for the 35 studies included in
the analysis (Figure 2-2). The funnel plot was asymmetrical and the Egger test for
publication bias was significant (P = <0.001). By subgroup class I obesity included 17
studies and had an overall significant effect size of -0.95 (95% CI: -1.24, -0.66; P =
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<0.001; I2 = 60%), class II obesity included 13 studies and had an overall significant
effect size of -0.93 (95% CI: -1.35, -0.52; P = <0.001; I2 = 84%), and class III obesity
included five studies with an overall significant effect size of -1.50 (95% CI: -1.98, -1.02;
P = <0.001; I2 = 52%).
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Figure 2-2
Forest Plot of Self-Selected Walking Speed
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Obesity significantly decreased step length at self-selected walking speed with a
pooled effect size of -0.95 (95% CI: -1.22, -0.68; P = <0.001; I2 = 73%) for the 21 studies
included in the analysis (Figure 2-3). The funnel plot was asymmetrical and the Egger
test for publication bias was significant (P = 0.003). By subgroup class I obesity included
ten studies and had an overall significant effect size of -0.99 (95% CI: -1.32, -0.66; P =
<0.001; I2 = 58%), class II obesity included nine studies and with a significant effect size
of -0.76 (95% CI: -1.21, -0.31; P = <0.001; I2 = 79%), and class III obesity included two
studies with a significant effect size of -1.69 (95% CI: -2.47, -0.90; P = <0.001; I2 =
55%).
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Figure 2-3
Forest Plot of Step Length at Self-Selected Walking Speed

Obesity significantly increases step width at self-selected walking speed with a
pooled effect size of 1.04 (95% CI: 0.74, 1.35; P = <0.001 I2 = 57%) for the 10 studies
included in the analysis (Figure 2-4). The funnel plot was symmetrical and the Egger test
for publication bias was not significant (P = 0.756). By subgroup class I obesity included
five studies and had an overall significant effect size of 1.04 (95% CI: 0.40, 1.69; P =
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0.002; I2 = 77%), class II obesity included four studies and had an overall significant
effect size of 0.95 (95% CI: 0.64, 1.27; P = <0.001; I2 = 17%), and the class III obesity
subgroup included one study (Desrochers et al., 2021) and thus, no meta-analysis was
performed.

Figure 2-4
Forest Plot of Step Width at Self-Selected Walking Speed

Obesity had a nonsignificant effect on cadence at self-selected walking speed
with a pooled effect size of -0.12 (95% CI: -0.56, 0.32; P = 0.599; I2 = 86%) for the 16
studies included in the analysis (Figure 2-5). The funnel plot was symmetrical and the
Egger test for publication bias was not significant (P = 0.491). By subgroup class I
obesity included eight studies and had an overall nonsignificant effect size of -0.21 (95%
CI: -0.67, 0.24; P = 0.364; I2 = 73%), class II obesity included six studies with a
nonsignificant effect size of 0.18 (95% CI: -0.78, 1.14; P = 0.708; I2 = 92%), and class III
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obesity included two studies with a nonsignificant effect size of -0.70 (95% CI: -1.73,
0.34; P = 0.188; I2 = 80%).

Figure 2-5
Forest Plot of Cadence at Self-Selected Walking Speed

Obesity had a no effect on stance period at self-selected walking speed with a
pooled effect size of 1.07 (95% CI: -0.08, 2.22; P = 0.068; I2 = 98%) for the 14 studies
included in the analysis (Figure 2-6). The funnel plot was asymmetrical and the Egger
test for publication bias was significant (P = <0.001). By subgroup class I obesity
included six studies and had an overall nonsignificant effect size of 2.28 (95% CI: -0.51,
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5.06; P = 0.109; I2 = 99%), class II obesity included five studies with a nonsignificant
effect of 0.43 (95% CI: -0.62, 1.48; P = 0.424; I2 = 93%), and class III obesity included
three studies with a nonsignificant effect of 0.20 (95% CI: -1.69, 2.09; P = 0.837; I2 =
96%).

Figure 2-6
Forest Plot of Stance Period at Self-Selected Walking Speed

Obesity significantly increases the double support period at self-selected walking
speed with a pooled effect size of 1.86 (95% CI: 0.64, 3.09; P = 0.003; I2 = 98%) for the
13 studies included in the analysis (Figure 2-7). The funnel plot was asymmetrical and
the Egger test for publication bias was significant (P = <0.001). By subgroup class I
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obesity included four studies and had an overall nonsignificant effect size of 2.60 (95%
CI: -0.93, 6.12; P = 0.149; I2 = 99%), class II obesity included seven studies with a
significant effect of 0.94 (95% CI: 0.62, 1.25; P = <0.001; I2 = 46%), and class III obesity
included two studies with a nonsignificant effect of 4.26 (95% CI: -0.57, 9.09; P = 0.084;
I2 = 97%).

Figure 2-7
Forest Plot of Double Support Period at Self-Selected Walking Speed

Standardized Spatiotemporal Gait Measures
Obesity had a nonsignificant effect on step length at standardized walking speed
with a pooled effect size of -0.07 (95% CI: -0.29, 0.15; P = 0.535; I2 = 30%) for the four
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studies included in the analysis (Figure 2-8). The funnel plot was symmetrical and the
Egger test for publication bias was nonsignificant (P = 0.134). By subgroup class II
obesity included two studies and had an overall nonsignificant effect size of -0.19 (95%
CI: -0.72, 0.35; P = 0.495; I2 = 73%), and the class I and III obesity subgroups included
one study each and thus, no meta-analysis was performed.

Figure 2-8
Forest Plot of Step Length at Standardized Walking Speed

Obesity had a nonsignificant effect on step width at standardized walking speed
with a pooled effect size of 7.81 (95% CI: -1.41, 17.03; P = 0.097; I2 = > 99%) for the
three studies included in the analysis (Figure 2-9). The funnel plot was symmetrical and
the Egger test for publication bias was nonsignificant (P = 0.134). By subgroup class II
obesity included two studies and had an overall nonsignificant effect size of -0.19 (95%
CI: -0.72, 0.35; P = 0.495; I2 = 73%), the class I obesity subgroup included one study,
and the class III subgroup contained no studies, and thus, no meta-analysis was
performed.
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Figure 2-9
Forest Plot of Step Width at Standardized Walking Speed

Obesity had a nonsignificant effect on cadence at standardized walking speed
with a pooled effect size of -0.25 (95% CI: -0.67, 0.17; P = 0.248; I2 = 50%) for the three
studies included in the analysis (Figure 2-10). The funnel plot was asymmetrical and the
Egger test for publication bias was significant (P = 0.051). Each subgroup contained one
study each and thus, no meta-analysis was performed.

Figure 2-10
Forest Plot of Cadence at Standardized Walking Speed
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Obesity had a nonsignificant effect on stance period at standardized walking
speed with a pooled effect size of 3.80 (95% CI: -1.46, 9.06; P = 0.157; I2 = > 99%) for
the four studies included in the analysis (Figure 2-11). The funnel plot was asymmetrical
and the Egger test for publication bias was significant (P = 0.022). By subgroup class I
obesity included two studies and had an overall nonsignificant effect size of 5.71 (95%
CI: -6.16, 17.57; P = 0.346; I2 = 99%), and the class II and III obesity subgroups included
one study each and thus, no meta-analysis was performed.

Figure 2-11
Forest Plot of Stance Period at Standardized Walking Speed

Obesity significantly increases the double support period at standardized walking
speed with a pooled effect size of 4.91 (95% CI: 0.13, 9.69; P = 0.044; I2 = 99%) for the
four studies included in the analysis (Figure 2-12). The funnel plot was asymmetrical and
the Egger test for publication bias was significant (P = 0.005). By subgroup class I
obesity included two studies and had an overall nonsignificant effect size of 5.36 (95%
CI: -5.25, 15.97; P = 0.322; I2 = 99%), class II obesity included two studies and had an
overall nonsignificant effect size of 4.53 (95% CI: -0.52, 9.59; P = 0.079; I2 = 98%), and
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the class III obesity subgroup included no studies and thus, no meta-analysis was
performed.

Figure 2-12
Forest Plot of Double Support Period at Standardized Walking Speed

Discussion

The objective of this systematic review and meta-analysis was to evaluate the effect of
obesity on spatiotemporal gait parameters (self-selected walking speed, step length, step width,
cadence, and stance and double support period). We compared these gait parameters at selfselected and standardized gait speeds in adults 18-55 years old with or without obesity. In total
there were 47 studies included in the systematic review and 44 included in the meta-analysis. To
our best knowledge, this is the first study attempting to increase the clarity surrounding the effect
of obesity on spatiotemporal measures of gait by performing a systematic review and metaanalysis. The results from this report, in general, provide evidence that obesity alters
spatiotemporal measures of gait. Specifically, obesity reduces self-selected walking speed and
step length, but increases step width at self-selected walking speed and the double-support period
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at self-selected and standardized walking speeds. Notably, the effects of obesity on
spatiotemporal measures of gait varied by level of obesity (i.e., class I, II, or III).
A decreased self-selected walking speed with obesity was reported in all but one of the 44 studies
included in the meta-analysis. On average, individuals with obesity walked approximately 9.4%
slower than normal weight individuals at self-selected walking speed (1.22 m/s vs 1.34 m/s). The
decreased self-selected walking speed with obesity is an important finding considering reduced
walking speed contributes to mobility disability, falls, and mortality in older adults (Abellan Van
Kan et al., 2009; Doi et al., 2020; Studenski et al., 2011). Our result is consistent with a previous
systematic review about the effects of obesity on lower-extremity biomechanics which reported a
reduced walking speed in six studies on individuals with obesity (Runhaar et al., 2011). A
reduced walking speed may be an attempt by individuals with obesity to minimize metabolic cost,
reduce ground reaction forces, and reduce muscular forces needed to maintain speed and postural
stability while walking (Browning et al., 2006; Browning & Kram, 2007; DeVita & Hortobágyi,
2003; Vakula et al., 2022).

Walking speed is highly influential on spatiotemporal measures of gait. For
instance, as walking speed is reduced, step length is decreased, and stance and double
support periods are elongated (Browning & Kram, 2007; Fukuchi et al., 2019). Therefore,
our findings on step length, step width, and double support period at self-selected
walking speed must be interpreted with caution as they are likely influenced in part by
the reduced walking speed with obesity. However, similar to previous results by
Browning & Kram (2007), our results extend the evidence that suggests regardless of
walking speed, adults with obesity elongate their double support period. The double
support period is the most stable phase of the gait cycle, as it is the period in which the
bodies mass is distributed between the lower-extremity (Whittle, 2014; Winter, 1995).
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Furthermore, our results indicate that individuals with obesity take wider steps at selfselected speed, which would increase stability in the frontal plane. Together, these
adaptations during the gait cycle may be a strategy utilized by individuals with obesity to
increase dynamic stability while walking, which may be compromised by lowerextremity muscle dysfunction among other factors (Giuliani et al., 2020; Vakula et al.,
2022).
At self-selected speeds, step length was significantly reduced but cadence was
not affected with obesity. As a reduction in walking speed is a product of shorter and/or
fewer steps, our results imply that individuals with obesity may reduce their step length
rather than cadence in order to reduce their self-selected walking speed. Furthermore,
taking shorter steps has been shown to reduce the loads placed on the knee joint during
walking (Milner et al., 2018), and thus, may be a strategy to limit overloading the knee
joint. This notion is further supported by our subgroup analysis which shows the
reduction in step length with obesity is larger in individuals with class III obesity.
Surprisingly, we found no overall effect of obesity on stance period. While an
elongated stance period may be an attempt to improve dynamic stability during gait by
increasing the amount of time spent in contact with the ground (Hills et al., 2002), our
results imply that at self-selected and standardized walking speeds, the stance period did
not differ between individuals with normal weight or obesity at any classification level.
The 14 studies included in our analysis did near significance, possibly suggesting that
stance period is elongated with obesity. However, only nine of the 14 included studies
supported an increased effect of obesity on stance time at self-selected gait speed.
Alternatively, two of the 14 included studies noted a shorter stance time among
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individuals with obesity, which may explain the nonsignificant effect of obesity we
found. Minimizing the amount of time an obese individual spends supporting themselves
on a single leg has been suggested as a mechanism to reduce muscular work while
walking in individuals with obesity (Malatesta et al., 2009).
Weight loss and exercise have been shown to improve spatiotemporal gait
characteristics in individuals with obesity. For example, 12-weeks of weight reduction
exercise training has been shown to improve walking speed, step length, and step width
in individuals with obesity (Jegede et al., 2017). However, the success of long term
weight loss interventions are low (Barte et al., 2010). Thus, there is a need for future
studies to examine interventions other than weight loss to combat the effects of obesity.
Furthermore, the pool of data regarding the effects of obesity on gait remains limited and
future studies are needed to understand whether spatial-temporal gait adaptations
observed in individuals with obesity are mainly compensations directed at reducing
metabolic cost, joint loading, and pain and/or reflect an underlying instability.
Identification of additional biomechanical or neuromuscular factors (e.g., quadriceps
function) affecting spatial-temporal gait characteristics may be used to improve
interventions used to treat and manage obesity.
There are limitations that should be taken into considerations while inferring the
results of this systematic review and meta-analysis. First of all, the studies included in
this systematic review and meta-analysis are limited to those published in academic
journals in the English language. Excluding unpublished data is known to increase
publication bias, however, to limit bias we searched a large number of databases and
excluded duplicate data. (Montori et al., 2000). Secondly, in a few cases we combined
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study data by group and/or across a set of standardized walking speeds. While this
technique allowed us to limit our sampling bias and include all eligible participants and
walking trials from each study, it may have masked differences that may have otherwise
existed between individuals with or without obesity. Finally, the large amounts of
heterogeneity among the studies included in our outcome measures suggests the effect of
obesity on spatiotemporal measures of gait is highly variable, and thus, our understanding
of obesity is limited. However, we hope the current study can help guide researchers to
improving the consistency of measures examined in future research.
On the whole, obesity reduced self-selected walking speed and step length at
self-selected walking speeds, but increased step width at self-selected walking speed and
the double-support period at self-selected and standardized walking speeds. The slower
and more stable gait pattern adopted by individuals is likely a strategy to reduce joint
loading and improve dynamic stability while walking. Exercise interventions geared at
the treatment and management of obesity should consider and attend to such alterations
for best clinical practice. Finally, the current review is restricted in part, by the limited
number of studies reporting on spatial-temporal gait characteristics in individuals with
obesity. More research is needed regarding the effects of obesity on gait.

CHAPTER III
KNEE EXTENSOR STRUCTURE & FUNCTION IN CHILDREN,
ADOLECENTS, ADULTS, AND OLDER ADULTS WITH OBESITY: A
SYSTEMATIC REVIEW AND META-ANALYSIS

Abstract

Purpose: To systematically review and analyze the effect of obesity on knee extensor
structure and function in children, adolescents, adults, and older adults.
Methods: Experimental studies published in the English language examining knee
extensor function in children 6-10 years old, adolescents 11-18 years old, adults 19-65
years old, older adults 65 years of age or older with or without obesity. A search for
potential studies were performed in four electronic databases (PubMed, CINAL, Scopus,
Cochrane Library), last searched on March 17th 2022. Risk of bias among the included
studies was assessed by a 30-question epidemiological appraisal instrument that covers
five domains: Study description, subject selection, measurement quality, data analysis,
generalization of results. Data were extracted and meta-analyzed using a random effects
model for our primary outcomes of knee extensor structure (muscle size and quality) and
function (maximal force/torque, rapid torque, fatigue).
Results:
Included Studies: The search of the databases resulted in 6218 unique entries,
35 of which were included in the systematic review, and 29 in the meta-analyses.
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Synthesis of Results:
Overall, obesity significantly increased absolute maximal measures of knee
extensor function (dpooled = 1.33, P = <0.001) and muscle size (dpooled = 2.69, P = <0.030),
but decreases relative maximal measures of knee extensor function (dpooled = -0.48, P =
<0.042) and the muscle quality (dpooled = -2.50, P = 0.001). The effect of obesity on knee
extensor structure and function was not reported or underreported in certain groupings
and varied by age category.
Discussion: This systematic review and meta-analysis provides evidence that
obesity increases absolute measures of maximal knee extensor function and size, but
reduces relative measures of maximal knee extensor function and quality. However, the
effect of obesity on knee extensor structure and function was underreported in certain
groupings and varied by age category. The relative reduction in knee extensor function
and quality is of importance to individuals living with obesity as they are associated with
decreased mobility and increased incidence of osteoarthritis. Interventions aimed at
treating and managing obesity should take note of these alterations. Finally, the studies
reporting the effects of obesity on knee extensor structure and function is limited and
additional research is needed.
Registration: This systematic review and meta-analysis was prospectively registered in
the Open Science Framework (DOI: 10.17605/OSF.IO/ZGUK6).

Introduction

Obesity is a disease marked by an excessive accumulation of adipose tissue that
can pose health risks to children, adolescents, adults, and older adults. Typically, adult
obesity is defined as a body mass index (BMI; kg/m2) of 30 or greater, whereas childhood
and adolescent obesity lack a standard definition. The World Health Organization (WHO)
defines obesity in children and adolescents as greater than two standard deviations above
the WHO Growth Reference median (WHO, 2021). Similarly, the Centers for Disease
Control (CDC) defines childhood and adolescent obesity as a score in the 95th percentile
or greater on the BMI-for-age weight status table (CDC, 2021b). Alternatively, the
International Obesity Task Force (IOTF) uses age and sex-specific cut-off points of BMI
to define obesity in children and adolescents (Cole et al., 2000).
Obesity is largely caused by a positive energy imbalance brought on by ingesting
calories at a greater rate than calories are being utilized. Globally, the prevalence of
obesity has increased almost 80% from 1980 to 2015 (Chooi et al., 2019). As of 2015
107.7 million children and 603.7 million adults were estimated to be considered as obese
(GBD, 2017). Importantly, 55% of children with obesity will go on to be obese in
adolescence, and about 80% of adolescence with obesity will go on to be obese in
adulthood (Simmonds et al., 2016). Health consequences of obesity include an increased
risk for cardiovascular diseases, diabetes, cancer, and musculoskeletal disorders (WHO,
2021). More specifically, obesity appears to alter the structure (i.e., size and quality) and
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contractile function (i.e., force/torque, power/rate of torque development (RTD), fatigue)
of skeletal muscle.
Absolute strength, the maximum force or torque a muscle can generate
irrespective of muscle or body size, appears to be increased in a muscle-specific manner
with obesity. For example, previous studies have reported absolute knee extensor strength
to be approximately 10-30% greater in individuals with obesity compared to those
without obesity (Garcia-Vicencio et al., 2016; Hulens et al., 2001; Maffiuletti et al.,
2007). Yet, knee flexor strength, upper-extremity strength, and specific handgrip strength
measures are reported as not being different between individuals with and without obesity
(Hulens et al., 2001; Lafortuna et al., 2005). The effect of obesity on knee extensor
strength relative to the rapid parameters of muscle function, which include rate of force
or torque production and power, is less clear. For instance, absolute knee extensor power
is reported to be approximately 20% higher among individuals with obesity compared to
those without obesity (Maffiuletti et al., 2007). At the same time, other studies have
reported no differences in absolute isometric knee extensor RTD or power output of the
lower extremity while consecutively jumping between individuals with and without
obesity (Lafortuna et al., 2005; Vakula et al., 2019). However, once these measures are
normalized to body mass or fat-free mass, the effect of obesity on muscle function
becomes clearer.
In individuals with obesity, relative measures of strength and power likely have
greater importance to activities of daily living, as the muscular forces needed to produce
and control movement increase with mass. Once measures of skeletal muscle function are
normalized to body mass or fat-free mass, strength and power appear to be reduced
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among individuals with obesity. For example, the strength of the knee extensors is
approximately 20-30% lower in individuals with obesity when normalized to body
weight (Abdelmoula et al., 2012; Blimkie et al., 1990; Choi et al., 2016; Maffiuletti et al.,
2007; Tsiros et al., 2013) and 6-18% lower when normalized to fat-free mass in
comparison to normal-weight individuals (Hulens et al., 2001; Vakula et al., 2019).
Obesity appears to have a similar effect on relative measures of power. For example,
LaFortuna et al. 2005 reported lower extremity power output to be 40% lower per unit of
body mass among individuals with obesity compared to normal-weight individuals.
Additionally, Vakula et al. 2019 observed that knee extensor RTD relative to fat-free
mass was roughly 19% less in individuals with obesity in comparison to those without.
Moreover, volitional fatigue is greater in individuals with obesity. Maffiuletti et al. 2007
reported that the relative amount of torque lost during a fatiguing protocol was 13%
greater in individuals with obesity in comparison to normal-weight controls. Although the
exact mechanisms for impaired muscle contractile function as measured by muscle force,
torque, power, and RTD are unknown, alterations in muscle structure may play a key role
(Bollinger, 2017).
Commonly, the anatomical cross-sectional area (CSA) of load-bearing muscles
and absolute levels of fat-free mass are increased with obesity (Choi et al., 2016; Hulens
et al., 2001; Tsiros et al., 2013; Vakula et al., 2019). For example, fat-free mass is on
average approximately 14% to 18.6% higher in individuals with obesity compared to
normal-weight counterparts (Maffiuletti et al., 2007; Tsiros et al., 2013). Likewise, the
CSA of muscles in the knee extensors and plantar flexors are significantly increased in
individuals with obesity (Garcia-Vicencio et al., 2016; Vakula et al., 2019). Despite
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exhibiting larger muscle mass/area, skeletal muscle quality (i.e., echo intensity grey scale,
strength per unit of size, muscle tissue fat content) is decreased in individuals with
obesity. For instance, when measured by the ratio of muscle strength (i.e., peak torque) to
muscle CSA/volume, muscle quality is significantly reduced in individuals with obesity
(Choi et al., 2016; Villareal et al., 2004). This loss of torque per unit of muscle mass
likely stems from the three-fold increase in intermuscular fat volume reported in
individuals with obesity, as the amount of lipid accumulation in the muscle and the
ability of skeletal muscle fibers to produce force is inversely associated (Choi et al.,
2016). This decrease in contractile function is due in part to the increased concentration
of intramuscular fat in individuals with obesity (Goodpaster et al., 2000; Malenfant et al.,
2001). Increased levels of intramuscular fat have been shown to increase the stiffness of
the base material properties of the muscle, which has a negative effect on force
production (Rahemi et al., 2015). Likewise, greater intramuscular fat infiltration
measured indirectly using ultrasound echo intensity is associated with a lower internal
knee extension moment in individuals with obesity walking at self-selected speed
(Vakula et al., 2019). Together these findings suggest that the quality of the muscle, not
just the size, influences muscle function that may result in aberrant muscle function
(biomechanics) in individuals with obesity.
Currently, there are a limited number of studies reporting the effects of obesity
on skeletal muscle structure and function. The studies that exist lack consistency in the
muscle measured and the outcomes reported. For instance, some authors report outcomes
for both the upper and lower extremity (Hulens et al., 2001), whereas others only report
lower extremity measures (Capodaglio et al., 2009; Garcia-Vicencio et al., 2016).
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Likewise, some authors report outcomes normalized to body mass (Capodaglio et al.,
2009; Choi et al., 2016), and others choose to normalize their data to fat-free mass
(Maffiuletti et al., 2008; Vakula et al., 2019). Although data regarding upper extremity
muscle structure and function is limited, there does appear to be ample research on knee
extensor or quadriceps function, but the existing research is contradictory. For example,
several groups have shown that absolute knee extensor peak torque is increased with
obesity (Choi et al., 2016; Hulens et al., 2001), while others have reported no difference
between individuals with and without obesity (Rolland et al., 2007; Vakula et al., 2019).
Reports are also conflicting on relative measures of knee extensor muscle structure and
function (Choi et al., 2016; Maffiuletti et al., 2008; Tsiros et al., 2013; Vakula et al.,
2019). There have been previous reviews about the effects of obesity on muscles’
structure and function (Bollinger, 2017; Maffiuletti et al., 2013). However, to the best of
our knowledge no study has quantified the effect of obesity on knee extensor structure
and function using a systematic review and meta-analysis.
The knee extensors (i.e., quadricep muscles) play an important role during
activities of daily living and during recovery of postural stability after an unexpected
perturbation. For example, early during the stance phase of the gait cycle, the knee
extensors act eccentrically to attenuate the forces acting on the knee joint and maintain
postural stability (Whittle, 2014). Additionally, powerful corrective action of the knee
extensors plays an important role during the recovery process from an unexpected slip
during walking (Chambers & Cham, 2007). However, absent from the current literature
are studies quantifying the collective effects of obesity on knee extensor structure and
function. The results of this study will improve our understanding of the influence of
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obesity on the structure and function of the knee extensors, allow healthcare professionals
to better design efficacious treatments for those suffering from obesity, and guide
researchers in the effort to improve the consistency in the measurements examined and
reported in obesity and muscle-related research going forward.
The aim of this systematic review and meta-analyses was to examine the effect
of obesity on absolute and relative measures of knee extensor muscle structure (muscle
size and quality) and function (maximal force/torque, rapid torque, fatigue) in children,
adolescents, adults, and older adults. Because systematic reviews and meta-analyses
incorporate a much larger set of observations than any single study, this study will
increase the understanding of obesity as a disease as a whole.

Methods

Protocol and Registration
The current systematic review and meta-analysis was created in agreement with
the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA)
statement (Moher et al., 2009). To ensure that our methods were reproducible and bias
was limited in the methods we utilized in the review, this systematic review and metaanalysis was prospectively registered in the Open Science Framework prospective
register of systematic reviews (DOI: 10.17605/OSF.IO/ZGUK6).

Eligibility Criteria
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•

Types of studies: Original research (i.e., cross-sectional studies, randomized
control trials) that investigated at least one measure of knee extensor structure or
function comparing individuals with obesity and normal weight. All publication
dates were considered for inclusion, and included studies were limited to those
published in peer-reviewed journals in the English language. If a randomized
control trial or intervention study were to meet the eligibility requirements, only
the baseline data from the study were included in the meta-analyses.

•

Types of participants: Children 6-10 years old, adolescents 11-18 years old, adults
19-65 years old, older adults 65 years of age or older with or without obesity.
Adults and older adults with normal weight or obesity were defined as having a
BMI of 18.5-24.9 or greater than 30.0, respectively. Whereas normal-weight and
obese children and adolescents were defined by any of the criteria set by the
CDC, WHO, or the IOTF (CDC, 2021b; Cole et al., 2000, 2007; WHO, 2021).
Participants with cognitive dysfunction, sensory impairments, or physical
disabilities that could affect physical testing were excluded from being included
in the current review.

•

Types of interventions: Studies comparing measures of absolute or relative knee
extensor structure and function in children, adolescents, adults, or older adults.

•

Types of outcome measures: Primary outcome measures include absolute and
relative measures of knee extensor muscle structure: size and quality; and
contractile function: peak torque/force, power/RTD, fatigue.
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Information Sources
The following electronic databases were searched to identify potential articles by
two researchers (M.V. and Y.K.) working independently: PubMed (MEDLINE), CINAL
(EBSCO), Scopus, and Cochrane Library. Likewise, the reference lists of articles related
to our topic were manually searched to identify studies that may have been overlooked
during the systematic searches. These searches were conducted from the commencement
of the study through March 17th, 2022.

Search
The following search terms were utilized to look for potential articles in the
electronic databases: (knee extens* OR leg extens* OR quadricep* OR lower-extremity
OR lower-limb OR knee joint OR leg muscle) AND (muscle strength OR muscle power
OR muscle weakness OR muscle deficit OR muscle performance OR muscle function
OR muscle structure OR muscle quality OR muscle activation OR torque OR force OR
rate of force development OR rate of torque development) AND (overweight OR obes*
OR ‘body mass index OR BMI).

Study Selection
Two reviewers (M.V. and Y.K.) working independently of one another
performed the eligibility assessment. Disagreements that arose between reviewers were
resolved with a single meeting in which the eligibility of articles were discussed until an
agreement between reviewers was reached.
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Data Collection Process
Data from the included studies were extracted by two independent reviewers
(M.V., Y.K.). Extracted data were recorded onto a custom Microsoft Excel document.
Authors of the included studies were not contacted for additional data, as our analysis
was limited to published information sources.

Data Items
The following data were extracted from each of the studies included in the
review and meta-analyses: (1) participant characteristics (sample size, age, sex, body
mass index, body fat %); (2) type of intervention (limb analyzed (i.e., dominant), testing
device, contraction type, angle of testing, data normalization); (3) absolute outcome
measures (isometric peak torque, isokinetic peak torque, isotonic peak torque, isokinetic
fatigue, isokinetic power, RTD, and muscle size); and (4) relative outcome measures
(isometric peak torque, isokinetic peak torque, RTD, fatigue, and muscle quality).

Risk of Bias in Individual Studies
The methodological quality of the studies included in the systematic review were
examined using a modified epidemiological appraisal instrument (EAI) developed by
Genaidy et al. 2007. The original instrument consists of 43 items across five domains:
study description, subject selection, measurement quality, data analysis, generalization of
results. The modified version utilizes 30 criteria of the uppermost importance with
respect to the included studies, similar to previous systematic reviews and meta-analyses
(Lawrenson et al., 2019) see Appendix A for details of the instrument. Items were
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marked as “Yes” (score of 2), “Partial” (score of 1), “No” (score of 0), “Unable to
determine” (score of 0), or “Not applicable” (item excluded). The appraisal instrument
has demonstrated good to excellent validity and inter-rater reliability (Kappa coefficient
= 90% [CI; 87 to 92%]) (Genaidy et al., 2007). Two independent assessors (M.V. and
Y.K.) blinded to the author and details of the publication assessed each study.
Disagreements between assessors were settled during a single consensus meeting. The
Cohen kappa statistic was used to calculate the level of agreement between assessors’
scores for each question of the EAI (Viera & Garrett, n.d.). The general quality of the
included studies was based on the average score across each item, with a maximum
possible score of 2.0. Studies were classified by the following criteria: high quality
(≥1.4), moderate quality (1.1 to <1.4), or poor quality (<1.1) (Genaidy et al., 2007).

Summary Measures
The primary outcome measures were the standardized mean differences in
measures of knee extensor muscle structure and function comparing children,
adolescents, adults, and older adults with and without obesity.

Planned Methods of Analysis
First, the means and standard deviations of the outcome measures were extracted
from the included articles. Next, the extracted data were entered into RevMan 5.4
software (Cochrane), where standardized effect sizes (Cohen d), effect size standard
error, and the corresponding 95% confidence intervals were calculated.
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When data was reported as a figure rather than in a table, Image J software
(National Institutes of Health, Bethesda, MD) was used to digitize the mean and standard
deviation of the outcome. When studies reported outcome data for both limbs, at multiple
testing angles, or at various testing speeds a single study-wise effect size was calculated
using a fixed-effects model in which the condition-wise effect sizes were weighted by
their inverse variances (J. Higgins et al., 2021). A fixed-effects model was selected
because a common effect of obesity was expected on outcome measures within a study.
When studies reported multiple obese or normal-weight subgroups, they were combined
according to the formula outlined in the Cochrane Handbook (J. Higgins et al., 2021).
When studies reported outcome measures relative to body weight and fat-free mass,
priority was given to the measure normalized to fat-free mass. This prioritization is due to
differences in strength being largely attributable to individual differences in body
composition, and fat-free mass is a gross indication of the amount of muscle mass an
individual has (Lafortuna et al., 2005). When studies reported multiple measures of
muscle quality (i.e., MRI, Ultrasound, Force/CSA), priority was given to imaging
techniques (e.g., Ultrasound) over force/CSA measurements. Likewise, prioritization was
given to isometric measures of contractile function when studies also reported isokinetic
or isotonic measures. This prioritization was due to the contrived muscle actions
experienced during isokinetic testing.
Overall and age categorized pooled effect sizes, 95% confidence intervals, and
heterogeneity statistics were calculated using JASP (Version 0.16.3) for each of the knee
extensor outcomes using a random-effects model with a restricted maximum likelihood
approach (Harville, 1977). A random-effects model, rather than a fixed-effects model,
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was selected due to the expected variability in experimental factors (i.e., limb or limbs
analyzed, BMI group, knee extensor analysis instrumentation, etc.). The I2 statistic, or the
percentage of variability in the effect estimate due to heterogeneity rather than chance,
were used to quantify inconsistencies across studies (J. Higgins et al., 2021). The
heterogeneity level was categorized as follows:
•

0-40%: might be important;

•

30-60%: may represent moderate heterogeneity;

•

50 to 90%: may represent substantial heterogeneity;

•

75 to 100% considerable heterogeneity.

Data were categorized into two groups of related outcome measures:
•

•

Absolute measures of knee extensor structure and function:
•

Maximal contractile function (i.e., peak force/torque)

•

Rapid contractile function (i.e., power, RTD)

•

Muscle size

Relative measures of knee extensor function and structure:
•

Maximal contractile function (i.e., peak force/torque)

•

Rapid contractile function (i.e., power, RTD)

•

Muscle fatigue

•

Muscle quality

Measures of isometric, isokinetic, or isotonic peak torque/force were grouped
together for analysis, as they aim to capture the “maximal or peak-capacities” of the knee
extensors function. Similarly, measures of knee extensor power (i.e., isokinetic knee
extension) and RTD (i.e., isometric knee extension) were grouped together for analysis,
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as they aim to capture the “rapid or rate-based capacities” of the knee extensors
contractile function. Absolute and relative outcome data are presented as separate forest
plots to aid in visual examination of the data between individuals with and without
obesity.

Risk of Bias Across Studies
The risk of publication bias were assessed visually using funnel plots and
statistically using Egger’s test (Egger et al., 1997).

Additional Analyses
In order to examine whether the summary outcome effects vary in relation to the
age category of participants, a pre-specified subgroup analysis were conducted.

Results

Literature Search
The four databases that were searched resulted in 6218 distinctive articles, 35 of
which met the inclusion criteria. No additional articles were identified through manual
searching of related reference lists. See Figure 3-1 for the details of the full search
strategy.

56

Figure 3-1

Eligibility

Screening

Identification

Search Flow Diagram of Article Inclusion Process
Literature search
Databases: PubMed (4355), CINAL (1954), Scopus (1212), Cochrane
Library (4)
7525 of records identified through database searching
Limits: English language, academic journals
1307 duplicates
removed
6218 of records screened
on basis of title and
abstract

92 of full-text articles
assessed for eligibility

Included

0 additional
records identified
through
reference lists
and related
reviews

6126 records did not
meet inclusion
criteria

57 full-text articles did
not meet inclusion
criteria:
• no knee extensor
assessment, n = 8
• no comparison
between OB and
NW group, n = 23
• not within OB or
NW criteria, n = 26

35 studies included in
the systematic review

29 studies included in
the meta-analysis
Note: OB obese, NW normal weight, BMI body mass index.
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Assessment of Methodological Quality
The studies included in the systematic review (Appendix C) had a high average
quality score of 1.53 ± 0.16 out of the possible 2.0 points with a range of 1.17 – 1.79
points (Table 3-1). The item assessing environmental covariates and confounders was not
applicable to any of the included studies. Six out of the 35 included studies reported
reliability data for their outcome measures. Similarly, sample size calculations were only
reported in eight of the 35 studies included in the final analysis. Agreement between
raters ranged from strong (i.e., 0.81) to perfect, with an average Cohen Kappa value
across all studies of 0.90 ± 0.04.

Table 3-1
Risk of Bias

Characteristics of Studies
There were 1384 participants with obesity and 1632 with normal-weight among
the 35 studies included in the systematic review (Table 3-2). Participants ranged in
average age from eight to 80 years old with two studies reporting on children, eight on
adolescents, 16 on adults, and nine on older adults (e.g., > 65 years). Participants were
solely females in nine studies, entirely males in seven studies, and 17 were a mix of
genders. Body fat percentage ranged from 26.6 - 47.9% for individuals with obesity and
from 13.6 – 33.5% for individuals classified as normal-weight. Knee extensor function
was measured by isokinetic dynamometry in 28 studies with the Biodex System III being
the most utilized model. In all studies reporting isokinetic measures of knee extensor
function, only concentric contractions were reported. Finally, at least one measure of
knee extensor structure or function was normalized in 24 of the 35 studies included in the
systematic review.
In order to reduce sampling bias, Vakula et al. 2019 was included in the metaanalysis, however, Vakula et al. 2022 and Pamukoff et al. 2020 were excluded for
reporting similar outcomes from a similar sample. Likewise, Tsiros et al. 2013, Herda et
al. 2018, Muollo et al. 2021, and Guiliani et al. 2020 were included in the meta-analysis
whereas, Tsiros et al. 2016, Herda et al. 2019, Muollo et al. 2022, and Arieta et al. 2022
were excluded, respectively. Finally, absolute isometric peak torque from GarciaVicencio et al. 2015 was included but excluded from Garcia-Vicencio et al. 2016.
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Table 3-2-A
Participant Characteristics and Study Details
Sample Size
Study

Age

BMI, kg/m2

Sex

Body Fatt %

Study Details

N OB

N NW

Age OB

Age NW

Sex OB

Sex NW

BMI OB

BMI NW

BF % OB

BF% NW

Limb analyzed

Testing device

Contraction Type

Angle of testing

Data Normalization

Abdelmoula et
al. 2012

12

10

14.2 ± 1.4

14.4 ± 0.7

M 12/F 0

M 10/F 0

34.1 ± 5.4

19.4 ± 1.7

40.6 ± 6.8

14.9 ± 3.7

Dominant

Custom ergometer

Isometric

60°

PT to FFM

Arieta et al.
2022

19

22

69.1 ± 2.5

69.4 ± 2.1

M 19/F 0

M 22/F 0

33.7 ± 3.7

23.3 ± 1.5

36.7 ± 3.7

24.4 ± 6.3

Right

B-mode ultra sound

NA

NA

NA

Briggs et al.
2019

20

20

14.05 ± 2.09

14.10 ± 2.02

M 13/F 7

M 13/F 7

29.20 ± 2.16

20.36 ± 2.59

36.5 ± 7.3

21.9 ± 6.7

Dominant

Dynamometer

Isokinetic (150°/s)

NA

PT to BM

Briggs et al.
2021

24

24

14.13 ± 2.03

14.17 ± 1.97

M 16/F 8

M 16/F 8

29.21 ± 1.99

20.06 ± 2.50

36 ± 7

21 ± 7

Dominant

Dynamometer

Isokinetic (150°/s)

NA

PT to leg FFM

Capodaglio et
al. 2009

20

14

29.1 ± 6.5

30.1 ± 4.7

M 0/F 20

M 0/F 14

38.1 ± 3.1

21 ± 1.6

NA

NA

Right and Left

Dynamometer

Isokinetic (60, 180,
240°/s)

ROM 90°

PT to BM

Isometric; Isokinetic 90° (isometric); ROM
(60°/s)
20 to 90° (isokinetic)

Carvalho et al.
2015

18

13

Choi et al.
2016

21

13

Duan et al.
2018

29

30

GarciaVicencio et al.
2015
GarciaVicencio et al.
2016
Geirsdottir et
al. 2019

35 ± 5

32 ± 5

M 0/F 18

M 0/F 13

69 ± 2

70 ± 2

M 10/F 11

M 6/F 7

72.4 ± 5.9

73.0 ± 5.5

M 13/F 16

M 15/F 15

42.2 ± 6.6

21.6 ± 2.0

47.9 ± 3.3

29.1 ± 3.3

Dominant

Dynamometer

PT and PW to BM

30 ± 0.43

22 ± 0.52

39 ± 1.2

32 ± 1.7

Right and Left

Dynamometer

Isokinetic

NA

PT to BW

37.0 ± 4.6

23.6 ± 1.8

NA

NA

Dominant

Dynamometer

Isometric

90°

NA

NA

12

12

13.9 ± 0.9

13.6 ± 0.8

M 0/F 12

M 0/F 12

32.1 ± 4.2

18.3 ± 1.3

38.2 ± 4.9

20.4 ± 2.9

Right

Dynamometer

Isometric

20, 40, 60, 70, 80, 90,
100°

12

12

13.9 ± 0.9

13.6 ± 0.8

M 0/F 12

M 0/F 12

32.1 ± 4.2

18.3 ± 1.3

38.2 ± 4.9

20.1 ± 2.9

Right

B-mode ultra sound;
Dynamometer

Isometric

90°

PT to leg FFM

85

48

73.3 ± 4.8

74.1 ± 5.8

M 45/F 40

M 13/F 35

33.9 ±

23.0 ± 1.5

42.1 ± 5.8

33.5 ± 8.3

NA

Dynamometer

Isometric

NA

PT to BW

Giuliani et al.
2020

20

22

69.0 ± 2.4

69.4 ± 2.1

M 20/F 0

M 22/F 0

34.0 ± 3.8

23.3 ± 1.5

37.0 ± 3.9

24.4 ± 6.3

Right

B-mode ultra sound;
Dynamometer

Isometric

60°

PT to BM

Goodpaster et
al. 2000

15

9

36 ± 1 .3

30 ± 2.0

M 10/F 5

M 6/F 3

33.6 ± 0.8

23.4 ± 1.1

35.3 ± 1.9

14.9 ± 1.8

NA

Muscle biopsy

NA

NA

NA

Hällsten et al.
2003

9

11

30 ± 2

26 ± 1

M 9/F 0

M 11/F 0

36 ± 2

22 ± 1

NA

NA

Right

Dynamometer

Isometric

50°

NA

Herda et al.
2018

15

14

8.8 ± 0.4

8.7 ± 0.6

M 5/F 10

M 6/F 8

20.8 ± 2.3

15.8 ± 1.4

29.1 ± 2.9

18.0 ± 3.0

Right knee

Dynamometer

Isometric

90°

NA

Herda et al.
2019

12

14

8.8 ± 0.9

8.6 ± 1.1

M 6/F 6

M 6/F 8

21.8 ± 2.4

15.8 ± 1.4

29.3 ± 5.3

18.0 ± 5.2

Right

Dynamometer

Isometric

90°

NA

Hulens et al.
2001

173

80

39.9 ± 11.4

39.7 ± 12.2

M 0/F 173

M 0/F 80

37.8 ± 5.3

22.0 ± 2.2

46.7 ± 4.6

26.9 ± 5.0

Right and Left

Dynamometer

Isokinetic

NA

NA

Dominant

Knee extension
machine

Isotonic

NA

NA

Hulston et al.
2018

8

9

24 ± 2

27 ± 1

M 7/1

M 8/1

33.6 ± 1.2

23.5 ± 0.6

29.5 ± 1.7

13.6 ± 1.9

OB obese, NW normal weight, PT peak torque, PW power, RTD rate of torque development, FFM fat free mass, BF body fat, BM body mass, NA not availiable
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Table 3-2-B
Participant Characteristics and Study Details Continued

Additional Analysis
All included outcome measures (Garcia-Vicencio et al., 2016; Koushyar et al.,
2017; Maffiuletti et al., 2007), muscle quality (Rastelli et al., 2015), peak torque (GarciaVicencio et al., 2015), and fatigue (Maffiuletti et al., 2008) were digitized from graphs.
The following subgroups were combined into a single group to maximize the
number of participants included in the analysis and control for sampling bias using the
Cochrane formula (J. Higgins et al., 2021) in the following studies:
•

Men’s and women’s groups (Duan et al., 2018; Muollo et al., 2021, 2022).
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•

Older and younger adult groups (Koushyar et al., 2017).

•

Participants with class II and class III obesity (B. Kim et al., 2015).

A single study-wise effect size was calculated using a fixed-effects model and then
entered into the meta-analysis in the following studies to combine:
•

Early and late

•

Right and left limb outcome measures (Tsiros et al., 2013; Waldburger et al.,

(Vakula et al., 2019).

2016).
•

Isokinetic testing speeds (Capodaglio et al., 2009; Maffiuletti et al., 2007; Muollo
et al., 2022; Rastelli et al., 2015).

•

Isometric testing angles (Maffiuletti et al., 2007).

•

Rectus femoris, vastus lateralis, and vastus medialis anatomical CSA (GarciaVicencio et al., 2016).

Absolute Measures of Knee Extensor Structure and Function
Obesity had a significantly increased absolute maximal measures of knee
extensor contractile function with a pooled effect size of 1.33 (95% CI: 0.60, 2.06; P =
<0.001; I2 = 98%) for the 25 studies included in the analysis (Figure 3-2). The funnel plot
was symmetrical and the Egger test for publication bias was nonsignificant (P = 0.509).
By age category, studies of child obesity included one study, studies of adolescent
obesity included five studies and with an overall significant effect size of 1.80 (95% CI:
0.25, 3.34; P = 0.023; I2 = 97%), studies of adult obesity included 12 studies and had an
overall significant effect size of 1.75 (95% CI: 0.48, 3.02; P = 0.007; I2 = 98%), studies
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of older adult obesity included seven studies with an overall non-significant effect size of
0.29 (95% CI: -0.35, 0.93; P = 0.372; I2 = 94%).

Figure 3-2
Forest Plot of Absolute Measures of Maximal Knee Extensor Contractile Function

64

Obesity had a nonsignificant effect on absolute measures of rapid knee extensor
contractile function with a combined effect of 1.55 (95% CI: -0.43, 3.52; P = 0.125; I2 =
99%) for the four studies included in the analysis (Figure 3-3). The funnel plot was
asymmetrical and the Egger test for publication bias was significant (P = 0.021). By age
category, there were no studies on child or adolescent obesity and one study on older
adult obesity, adult obesity included three studies and had an overall nonsignificant effect
size of 1.97 (95% CI: -0.57, 4.51; P = 0.128; I2 = 99%).

Figure 3-3
Forest Plot of Absolute Measures of Rapid Knee Extensor Contractile Function

Obesity significantly increased measures of knee extensor size with a combined
effect of 2.69 (95% CI: 0.27, 5.11; P = 0.030; I2 = 98%) for the six studies included in the
analysis (Figure 3-4). The funnel plot was asymmetrical and the Egger test for
publication bias was significant (P = <0.001). By age category, there was one study each
on child, adolescent, and adult obesity, and thus no meta-analysis could be performed.
There were three studies on older adults with obesity with an overall nonsignificant effect
size of 4.02 (95% CI: -1.18, 9.23; P = 0.130; I2 = 98%).
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Figure 3-4
Forest Plot of Measures of Knee Extensor Size

Relative measures of knee extensor structure and function
Obesity significantly decreases relative measures of maximal knee extensor
contractile function with a pooled effect of -0.48 (95% CI: -0.94, -0.02; P = 0.042; I2 =
94%) for the 20 studies included in the analysis (Figure 3-5). The funnel plot was
symmetrical and the Egger test for publication bias was nonsignificant (P = 0.172). By
age category, there were no studies on child obesity, six studies on adolescent obesity
with an overall nonsignificant effect of 0.00 (95% CI: -0.73, 0.74; P = 0.992; I2 = 90%),
ten studies on adult obesity with a nonsignificant effect size of -0.43 (95% CI: -1.12,
0.25; P = 0.211; I2 = 94%), and four studies on older adult obesity with a significant
effect of -1.27 (95% CI: -2.08, -0.46; P = 0.002; I2 = 88%) on relative measure of
maximal knee extensor function.
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Figure 3-5
Forest Plot of Relative Measures of Maximal Knee Extensor Contractile Function

Obesity had no effect on relative measures of rapid knee extensor contractile
function with a pooled effect of -0.34 (95% CI: -0.77, 0.08; P = 0.113; I2 = 78%) for the
five studies included in the analysis (Figure 3-6). The funnel plot was symmetrical and
the Egger test for publication bias was nonsignificant (P = 0.151). By age category, there
were no studies on child or adolescent obesity, four studies on adult obesity with an
overall nonsignificant effect of -0.41 (95% CI: -1.00, 0.18; P = 0.173; I2 = 86%), and one
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study on the effect of older adult obesity on relative measures of rapid knee extensor
function.

Figure 3-6
Forest Plot of Relative Measures of Rapid Knee Extensor Contractile Function

Obesity had no effect on relative measures of knee extensor fatigue with a pooled
effect of -0.77 (95% CI: -1.87, 0.32; P = 0.166; I2 = 88%) for the six studies included in
the analysis (Figure 3-7). The funnel plot was symmetrical and the Egger test for
publication bias was nonsignificant (P = 0.136). By age category, there were no studies
on child obesity, two studies on adolescent obesity with an overall nonsignificant effect
of -0.57 (95% CI: -1.43, 0.30; P = 0.198; I2 = 49%), no studies on adult obesity, and four
studies on older adult obesity with an overall nonsignificant effect of -0.90 (95% CI: 2.62, 0.81; P = 0.301; I2 = 92%) on relative measures of knee extensor fatigue.
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Figure 3-7
Forest Plot of Relative Measures of Knee Extensor Fatigue

Obesity significantly decreases measures of knee extensor muscle quality with a
pooled effect of -2.50 (95% CI: -4.04, -0.97; P = 0.001; I2 = 95%) for the six studies
included in the analysis (Figure 3-8). The funnel plot was asymmetrical and the Egger
test for publication bias was significant (P = 0.002). By age category, there was one study
on child obesity, no studies on adolescent obesity, two studies on adult obesity with an
overall significant effect of -1.98 (95% CI: -3.59, -0.38; P = 0.015; I2 = 84%), and three
studies on older adult obesity with an overall nonsignificant effect of -3.03 (95% CI: 6.47, 0.41; P = 0.085; I2 = 96%) on measures of knee extensor muscle quality.
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Figure 3-8
Forest Plot of Measures of Knee Extensor Muscle Quality

Discussion

The aim of this systematic review and meta-analysis was to evaluate the effect of
obesity on absolute and relative measures of knee extensor muscle structure (muscle size
and quality) and contractile function (maximal force/torque, rapid torque, fatigue) in
children, adolescents, adults, and older adults. Overall, we included 35 studies in the
systematic review and 29 studies into the meta-analysis. Our results, as a whole, suggest
that knee extensor structure and function are altered with obesity. In particular, obesity
significantly increased absolute maximal measures of knee extensor contractile
force/torque and muscle size. Conversely, obesity decreased relative maximal measures
of knee extensor contractile force/torque and muscle quality. Importantly, the effects of
obesity on knee extensor structure and function differed by age category.
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To the best of our knowledge, this is the first study to systematically review and
analyze the effects of obesity on knee extensor muscle structure and function in children,
adolescents, adults, and older adults. Overall, obesity increased absolute maximal
measures of knee extensor contractile function, suggesting the peak torque or force
production capabilities of the knee extensors, without respect to body size, are increased
with obesity. This increase in absolute maximal contractile function is likely due to the
increase in body mass that accompanies obesity which while weight bearing, acts as an
overload stimulus for anti-gravity musculature such as the knee extensors. While this
increase in contractile function has been suggested as a favorable adaptation with obesity
(Garcia-Vicencio et al., 2016), our results suggest the effect of obesity on absolute
maximal knee extensor contractile function varies with age. In adolescent and adults the
effect of obesity on absolute maximal measures of contractile function was significant.
However, in older adults the effect of obesity on absolute measures of maximal
contractile function was non-significant, which is similar to findings noted in a previous
narrative review by Bollinger (2017). The nonsignificant effect of obesity on absolute
maximal measures of contractile function during older age may be influenced by reduced
physical activity levels and/or sarcopenia, the age related loss of skeletal mass and
strength (Rolland et al., 2004; Walston, 2012).
While absolute measures of knee extensor contractile function are increased with
obesity, relative measures likely have greater importance to activities of daily living,
mobility, and fall recovery. Overall, obesity decreased relative measures of maximal knee
extensor function, suggesting that when scaled allometrically, the torque producing
capabilities of the knee extensors is reduced. This reduction in knee extensor contractile
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function is important considering their contribution to mobility and risk for knee
osteoarthritis (McAlindon et al., 1993; Segal et al., 2010; Takagi et al., 2018).
Furthermore, our subgroup analysis suggested the effect of obesity on relative knee
extensor function was greater in older adults. A result, which may be influenced by a
decline in central neurological dysfunction as well as sarcopenia (Carson, 2018). While
further studies are needed to pinpoint the mechanisms behind this altered contractile
function, surely, the increased muscle size but decreased muscle quality we found plays a
role.
As a whole, obesity increased the size of the knee extensors, but decreased
muscle quality. Our finding suggests that individuals with obesity have larger but lower
quality knee extensor muscles when compared to individuals without obesity. The
increase in the size of load bearing musculature such as the knee extensors is accepted in
the literature as, an adaptation to the increased mass from excessive adipose tissue with
obesity (Bollinger, 2017). However, it should be noted that the percentage of body mass
coming from body fat was approximately 40% in individuals with obesity and 24% in
individuals with normal weight on average, and therefore, the relative amount of fat-fee
mass in the body is reduced with obesity. While the percentage differences in fat-free
mass may in part explain the decrease in relative contractile function we observe in
individuals with obesity, our results would also indicate that reduced muscle quality in
this population should also be considered when explaining the decrements in relative
contractile function.
The majority of studies reporting the effect of obesity on muscle quality either
directly or indirectly measured the fat composition of the knee extensor muscles. In half
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of the studies included in our meta-analysis (Giuliani et al., 2020; Herda et al., 2018;
Vakula et al., 2019), muscle quality was measured via ultrasound echo intensity, an
alternate measure of intermuscular fat accumulation (Choi et al., 2016). Therefore, our
results suggest that the relative contribution of contractile tissue in the knee extensors is
reduced with obesity. This increase in non-contractile adipose tissue within the muscle
fiber is negatively associated with contractile function (Choi et al., 2016; Rahemi et al.,
2015), and knee extensor function while walking (Vakula et al., 2019). However, the
inclusion of fat into the muscle may explain, in part, the increase in muscle size and
decrease in relative force seen with obesity.
Interestingly, we found no significant effect of obesity on absolute or relative
measures of rapid knee extensor contractile function. Although measures of rapid knee
extensor contractile function may be more relevant assessments to activities of daily
living such as walking, they are under reported in the literature. The limited number of
studies included in our analysis appear to suggest that absolute rapid contractile function
is increased with obesity, whereas relative contractile function of the knee extensors is
decreased with obesity. However, additional research is needed to reach such
conclusions. It may be argued that the nonsignificant effect of obesity on rapid knee
extensor function we reported was influenced by our inclusion of both isometric RTD
and isokinetic power in our meta-analysis of rapid contractile function. Although RTD
and power are both rate-based assessments of contractile function, they utilize different
muscle actions (i.e., isometric VS concentric) and differences in muscle contractile
function may have been concealed by our methods. Future research with increased
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consistency in the outcomes reported are needed to better understand the effect of obesity
on rapid knee extensor contractile function.
Although fatigue of the knee extensors has been suggested as a limitation during
activities of daily living, we found that obesity had no overall effect on measures of knee
extensor fatigue. Of the six studies we included in our analysis, four reported muscle
fatigue was decreased with obesity (i.e., reduced ability), suggesting the effects of obesity
on knee extensor fatigue is undecided. Among individuals with obesity, peripheral
mechanisms such as the greater absolute maximal voluntary torque and proportion of fast
twitch muscle fibers in the knee extensors are suggested as factors that may contribute to
increased fatigue with obesity (Damer et al., 2022; Garcia-Vicencio et al., 2015; Hamada
et al., 2003). However, additional research is needed to reinforce these findings.
Alternatively, our nonsignificant result could have been influenced by factors such as
age, sex, physical activity level, contraction type, testing methods, and severity of
obesity, among other factors, which were not accounted for in our analysis. Future studies
with improved controls for such factors are needed to fully understand the effect of
obesity on muscle fatigue.
The following limitations should be considered when interpreting the results of
this study. Firstly, the studies that included in this systematic review and meta-analysis
were limited to those published in peer reviewed journals in the English language.
Although excluding unpublished data may increase publication bias, we searched a large
number of databases and excluded duplicate data in order to limit the bias introduced into
the review (Montori et al., 2000). Secondly, in a limited number of studies, data were
combined by group (e.g., male and female), testing speed, and/or testing angle. This
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allowed us to include all eligible participants and experimental trials without introducing
sampling bias, however, it may have disguised differences in knee extensor function and
structure that may have existed. Thirdly, our review and analysis of knee extensor
function was limited to concentric and isometric muscle actions. Yet, while walking the
knee extensor predominantly use an eccentric muscle action to modulate forces acting on
the knee joint and support the body (Vakula et al., 2022; Whittle, 2014). We found no
studies that reported on eccentric muscle function, and thus, future studies are needed to
examine the effect of obesity on eccentric muscle contractile function, as it may be more
applicable to functional movements such as walking. Finally, the considerable levels of
heterogeneity among the studies included in our outcomes implies that the effect of
obesity on knee extensor structure and function is highly variable and our understanding
of obesity is limited. Nonetheless, the results of this systematic review and meta-analysis
will assists researchers seeking to improve the consistency of measures made and
reported in future research.
In closing, the current systematic review and meta-analysis provides evidence
that obesity increases absolute maximal knee extensor function and size, but a reduces
relative maximal knee extensor function and quality. However, the effect of obesity on
knee extensor size, quality, and absolute maximal contractile function appears to
diminish with age. While the absolute torque producing capabilities and size of the knee
extensors is increased with obesity, the relative reduction in knee extensor function and
quality is of higher importance to individuals living with obesity while performing
activities of daily living. Researchers and clinicians focusing on the treatment and
management of obesity should consider interventions that improve the relative contractile
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function and muscle quality of the knee extensors for optimal practice. Finally, relative to
the number of individuals effected by obesity, this systematic review and meta-analysis
was limited to a small number of studies. Additional research is needed to understand the
effects of obesity on muscle structure and function.

CHAPTER IV
GENERAL DISCUSSION AND CONCLUSIONS

This dissertation reported on two studies that analyzed the effect of obesity on
(1) spatiotemporal gait measures in adults, and (2) knee extensor structure and function in
children, adolescents, adults, and older adults. In the first study (chapter II) a systematic
review and meta-analysis was conducted to examine the effects of obesity on selfselected walking speed and step length, step width, cadence, stance period, and double
support period at standardized and self-selected walking speeds in adults. In a similar
fashion for the second study (chapter III), a systematic review and meta-analysis was
conducted to examine the effects of obesity on maximal and rapid knee extensor function,
fatigue, muscle size, and muscle quality in children, adolescents, adults and older adults.
The justification and need for these studies is based on the lack of consistency in the
literature with regards to the effects of obesity on measures of gait, and knee extensor
structure and function.
To the best of my knowledge, these are the first studies to systematically review
and meta-analyze the effects of obesity on gait and lower-extremity muscle function. In
the first study obesity was observed to reduce self-selected walking speed and step
length, but increase step width and the double support period. The slower and more stable
gait pattern adopted by individuals with obesity is suggested as a strategy to reduce the
loads placed on the weight bearing joints and improve dynamic stability during the gait
cycle (Vakula et al., 2019, 2022). These alterations to the gait pattern, at the cost of
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mobility, allow individuals with obesity to limit metabolic costs and maintain a similar
level of stability to normal weight individuals walking at self-selected speed (Browning
et al., 2006; Liu & Yang, 2017; Russell EM et al., 2010; Vakula et al., 2022). Although
the exact mechanisms behind the abnormal gait patterns common to individuals with
obesity are unknown, altered knee extensor structure and function likely plays a role.
In the second study, it was observed that obesity increased absolute measures of
maximal knee extensor function and muscle size, but decreased relative measures of
maximal knee extensor function and muscle quality. The increase in absolute measures of
maximal knee extensor contractile function is seen as a favorable adaptation of obesity,
however, this increase in strength is likely due to the increased mass of obesity acting as
a training stimulus for load bearing muscle. Furthermore, the effect of obesity on absolute
maximal contractile function appears to diminish with age, suggesting that as people age
issues such as sarcopenia and physical activity may effect muscle function more than
obesity (Rolland et al., 2004; Walston, 2012).
Whereas muscle size and absolute measures of maximal knee extensor
contractile function were increased with obesity, measures relative to body size or fatfree mass likely have greater importance to activities of daily living, mobility, and fall
recovery. When scaled allometrically, our results suggest that relative measures of
maximal knee extensor contractile function are decreased with obesity. This reduction in
knee extensor quality and contractile function is important considering their contribution
to mobility and risk for knee osteoarthritis (McAlindon et al., 1993; Segal et al., 2010;
Takagi et al., 2018; Vakula et al., 2019). Furthermore, it is likely that the altered
spatiotemporal gait parameters (e.g., reduced self-selected walking speed) we found in
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the first study are influenced by the reduction in relative knee extensor function and
structure we noted in the second study.
Overall, the number of studies on gait, and muscle size and function is limited in
comparison to the incidence of obesity. Furthermore, studies included in the systematic
reviews and meta-analyses were limited to published data which can increase the amount
of publication bias in the reviews. While excluding unpublished data may increase
publication bias, we included multiple large databases in our search and excluded
duplicate study data to limit the effects of publication bias in our reviews. The
considerable amounts of heterogeneity among the studies included in our meta-analysis
suggests that we as researchers still have a lot to learn about the effect of obesity gait and
muscle size and contractile function. While this dissertation as a whole contributes to the
body of research on obesity, additionally, it will aide those designing valuable treatments
for those suffering from obesity, and lead researchers to improving the consistency in the
measurements examined and reported on with obesity. Clinicians and researchers
focusing on the treatment and management of obesity should consider interventions that
improve mobility and stability during gait, as well as, the relative contractile function and
muscle quality of the knee extensors for optimal practice. Nonetheless, research on
individuals with obesity is limited and additional research, with consistent outcomes and
reporting is needed to better understand the effects of obesity on measures of gait and
knee extensor structure and function.
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Study description
Hypothesis / aim /
objectives
Outcome
Study design
Study population

Covariates and
confounders
Statistical Tests and
Analysis Strategies
Results

Study’s
methodological
quality
Subject selection
Group comparability
Participation
rate/record availability
Time period
Subject
losses/unavailability
of records
Measurement quality
Blind measurement

1. Is the hypothesis/aim/objective of the study clearly
described?
3. Are the main outcomes clearly described?
4. Is the study design clearly described?
5. Is the source of subject population (including sampling
frame) clearly described?
6. Are the eligibility criteria for subject selection clearly
described?
7. Are the participation rate(s) reported? Is ascertainment
of record availability described?
8. Are the characteristics of study participants described?
11. Are the important covariates and confounders
described in terms of individual variables?
12. Are the important covariates and confounders in terms
of environment variables described?
13. Are the statistical methods clearly described?
14. Are the main findings of the study clearly described?
15. Does the study provide estimates of the random
variability in the data for the main outcomes or
exposures (i.e. confidence intervals, standard
deviations)?
16. Does the study provide estimates of the statistical
parameters (e.g. regression coefficients or parameter
estimates such as odds ratio)?
17. Are sample size calculations performed and reported?

18. Is the comparison/reference group comparable to the
exposed/intervention/case group?
19. Is the participation rate adequate? Is the ascertainment
of record availability adequate?
20. Are the study subjects from different groups recruited
over the same period?
21. Are subject losses or unavailable records after entry
into the study taken into account?
29. Are the observers blinded to: subject groupings when
the exposure/intervention assessment was made or the
disease status of subjects when conducting exposure
assessment?
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Outcome

Data analysis
Observation period
Covariates and
confounders

31. Are the main outcome measures reliable?
32. Are the main outcome measures valid?
33. Are the methods of assessing the outcome variables
standard across all groups?
34. Are the observations taken over the same time for all
groups?
35. Is prior history of disease and/or symptoms collected
and included in the analysis?
36. Is there adequate adjustment for covariates and
confounders in terms of individual variables in the
analyses?
37. Is there adequate adjustment for covariates and
confounders in terms of environment variables (other
than exposure) in the analyses?
40. Are outcome data reported by levels of exposure?
41. Are the outcome/exposure data reported by subgroups
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Generalization of
results
42. Can the study results be applied to the eligible
population?
43. Can the study results be applied to other relevant
populations?
The following items from the original EAI were removed from analysis, as they were
not applicable to the included studies 2, 9, 10, 22, 23, 24, 25, 26, 27, 28, 30, 38 and 39.
Each item was scored as “Yes” (score of 2), “Partial” (score of 1), “No” (score of 0),
“Unable to determine” (score of 0), or “Not applicable” (item excluded).
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